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Abstract  

Metal structures that possess dimensional or periodic features ideally from 5nm to 1000nm range, 

exhibit unique optical properties due to the excitation of “plasmon polaritons” in metal\dielectric 

interface under certain resonance conditions. Such excited plasmons with polaritonic nature, enhances 

the electromagnetic (EM) near-field incident onto metals surfaces, making them suitable for applications 

in surface enhanced spectroscopies. This phenomenon can be truly regarded as an effect due to light-

matter interaction at the nanoscale. 

                       This thesis focuses on the study of plasmonic properties of ultrathin Au metal films 

deposited on corrugated Al2O3 dielectric templates, particularly in utilizing it as an application for 

surface enhanced Raman spectroscopy substrate, and studying its Raman scattering amplification 

processes. These anisotropic plasmonic substrates were fabricated by depositing ultrathin Au films onto 

surface-reconstructed corrugated Al2O3 templates by an electron beam evaporation technique operating 

in ultra-high vacuum (UHV) condition (~10-10mbar). The in-plane structural anisotropy of the deposited 

metal films, which is induced by the corrugated Al2O3 template were characterized by atomic force 

microscopy (AFM). Its resulting anisotropic plasmonic effect was studied by optimizing excitation light 

attributes, such as polarization and wavelength in steady state and transient absorption spectroscopy 

(TAS). Experimental results revealed that the deposited ultrathin Au metal films with thickness (t) below 

the percolation threshold exhibiting ordered 2D metal nanoparticle (MNP) arrays nucleated onto the 

corrugated templates with period P ≅ d, where d = diameter of the nucleating MNP. Excitation of 

localized surface plasmon polariton (LSPP) modes hybridized as collective plasmon modes was 

observed due to the strong coupling between the MNPs in these arrays with inter-particle gap S ≤ r, 

where r = radius of the MNP. This was further confirmed by corroborating the experimental results with 

EM simulations and nearfield distributions. Further, polarized-TAS measurements performed on these 

samples were compared with the steady state measurements, these results revealed the relaxation 

dynamics of the generated non-radiative charge carriers on these samples and subsequent hot charge 

carriers induced permittivity modulations of the non-percolated ultrathin film. In contrast, propagating 

hybrid surface plasmon polariton (SPP) modes were excited on connected percolated Au films 

(exhibiting Drude metal characteristics) deposited on the corrugated templates. Precisely optimized pre 

and post deposition annealing processes were performed to improve the film percolation of t ~ 10nm 

ultrathin Au film. This facilitated in the excitation of hybrid SPP modes in the near-infrared (NIR) range. 

Finally, the experimental observations were further supported and corroborated with simulated 

reflectance spectra and EM nearfield spatial distributions.  

                     As a result of the enhanced EM near-fields on these plasmonic sample surfaces due to the 

polaritons, these anisotropic samples were tested for SERS sensing in polarized and wavelength scanned 

Raman measurements. Enhanced, dichroic SERS response of thio-phenol analytes was observed from 

the fabricated anisotropic, ultrathin Au films. These dichroic SERS effects allowed to directly compare 

their intensities and anisotropies of different Raman vibration modes of an analyte and provided a clearer 

depiction of the SERS anisotropies on these samples.  

Utilizing this methodology: 

1, The SERS dichroism of probe analyte’s Raman vibration peaks of different Stokes shifted frequency 

was analyzed and interpreted to verify the EM nearfield mechanism of SERS enhancement. 

and 
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2, The SERS dichroism of probe analyte’s Raman vibration modes of different polarizability tensor was 

analyzed and interpreted to the study surface selection rules on these samples and their relative Raman 

peak intensity enhancements. 

The work also investigated and reports the absolute SERS enhancements resulting from both localized 

and delocalized plasmon polariton modes in ultrathin Au films. And thus, provides an understanding for 

the design of plasmonic SERS substrates based on these ultrathin Au metal nanostructures. The 

fabricated anisotropic plasmonic samples discussed in the thesis exhibited enhanced SERS with a 

distributed hotspot and wider Stokes shifted spectral region fulfilling most of the seminal requirement 

for efficient and robust large-area SERS sensing. 
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Streszczenie 

               Struktury metaliczne posiadające cechy wymiarowe lub periodyczne w zakresie od około 5 

nm do 1000 nm wykazują unikalne właściwości optyczne, wynikające ze wzbudzenia plazmonów–

polarytonów na granicy metal–dielektryk w określonych warunkach rezonansowych. Tak wzbudzone 

plazmony o charakterze polarytonowym prowadzą do silnego wzmocnienia elektromagnetycznych pól 

bliskiego zasięgu padających na powierzchnie metaliczne, co czyni tego typu struktury szczególnie 

przydatnymi w zastosowaniach powierzchniowo wzmocnionych technik spektroskopowych. Zjawisko 

to można jednoznacznie uznać za efekt oddziaływania światła z materią w nanoskali. 

Niniejsza praca koncentruje się na badaniu właściwości plazmonicznych ultracienkich warstw 

metalicznych złota (Au) osadzonych na pofałdowanych dielektrycznych szablonach Al₂O₃, ze 

szczególnym uwzględnieniem ich zastosowania jako podłoży do powierzchniowo wzmocnionej 

spektroskopii Ramana oraz analizy procesów wzmocnienia rozpraszania ramanowskiego. 

Anizotropowe podłoża plazmoniczne wytwarzano poprzez osadzanie ultracienkich warstw Au na 

powierzchniowo zrekonstruowanych, pofałdowanych szablonach Al₂O₃ metodą odparowania wiązką 

elektronów, prowadzonego w warunkach ultrawysokiej próżni (UHV~10⁻¹⁰ mbar). Anizotropia 

strukturalna w płaszczyźnie osadzonych warstw metalicznych, indukowana przez pofałdowaną 

powierzchnię Al₂O₃, została scharakteryzowana za pomocą mikroskopii sił atomowych (AFM). 

Wynikające z tej anizotropii efekty plazmoniczne badano poprzez optymalizację parametrów światła 

wzbudzającego, takich jak polaryzacja oraz długość fali, zarówno w pomiarach stanu ustalonego, jak i 

w przejściowej spektroskopii absorpcyjnej (TAS). Wyniki eksperymentalne wykazały, że osadzone 

ultracienkie warstwy Au o grubości t poniżej progu perkolacji tworzą uporządkowane dwuwymiarowe 

układy nanocząstek metalicznych, nukleujące na pofałdowanych szablonach z okresem P ≅ d, gdzie d 

oznacza średnicę nukleujących nanocząstek. W takich strukturach zaobserwowano wzbudzenie 

zlokalizowanych powierzchniowych modów plazmonów–polarytonów, które na skutek silnego 

sprzężenia pomiędzy nanocząstkami ulegają hybrydyzacji w kolektywne mody plazmoniczne, przy 

odległościach międzycząsteczkowych S ≤ r, gdzie r jest promieniem nanocząstki. 

Powyższe obserwacje zostały potwierdzone poprzez porównanie wyników eksperymentalnych z 

symulacjami pola elektromagnetycznego oraz analizą rozkładów pól bliskiego zasięgu. Ponadto, 

pomiary przejściowej spektroskopii absorpcyjnej z kontrolowaną polaryzacją porównano z pomiarami 

stanu ustalonego. Uzyskane wyniki ujawniły dynamikę relaksacji generowanych nieradiacyjnych 

nośników ładunku oraz indukowane przez gorące nośniki modulacje przenikalności elektrycznej w 

nieperkolowanych ultracienkich warstwach Au. 

Dla porównania, w przypadku połączonych, perkolowanych warstw Au, wykazujących metaliczny 

charakter opisany modelem Drude’a, wzbudzane były propagujące hybrydowe mody powierzchniowe 

plazmon–polaryton. Precyzyjnie zoptymalizowane procesy wygrzewania przed i po osadzaniu 

umożliwiły poprawę perkolacji ultracienkich warstw Au o grubości około 10 nm, co sprzyjało 

wzbudzaniu hybrydowych modów plazmon–polaryton w zakresie bliskiej podczerwieni. Obserwacje 

eksperymentalne zostały dodatkowo potwierdzone poprzez symulowane widma spektroskopii 

odbiciowej oraz przestrzenne rozkłady pól elektromagnetycznych bliskiego zasięgu. 

W wyniku silnego wzmocnienia elektromagnetycznych pól bliskiego zasięgu na powierzchniach 

badanych struktur plazmonicznych zaobserwowano silny sygnał ramanowski. 

Przygotowane,  anizotropowe próbki zostały poddane testom jako podłoża do detekcji SERS w 

pomiarach ramanowskich z kontrolowaną polaryzacją oraz różną długością długością fali światła 
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wzbudzającego. Zaobserwowano wzmocnioną, dichroiczną odpowiedź SERS dla cząsteczek tiofenolu 

na wytworzonych anizotropowych ultracienkich warstwach Au. Efekty dichroizmu SERS umożliwiły 

bezpośrednie porównanie intensywności oraz anizotropii różnych modów drgań ramanowskich 

badanego materiału, dostarczając informacji o anizotropii wzmocnienia SERS w tymmateriale. 

W szczególności: 

1. Uzyskano, przeanalizowano i zinterpretowano dichroizm pasm drgań ramanowskich badanego 

materiału o różnych przesunięciach Stokesa, co umożliwiło weryfikację elektromagnetycznego 

mechanizmu wzmocnienia SERS. 

2. Uzyskano, przeanalizowano i zinterpretowano dichroizm modów drgań ramanowskich 

charakteryzujących się różnymi składowymi tensora polaryzowalności, co pozwoliło na analizę reguł 

wyboru powierzchniowego w SERS oraz względnych wzmocnień intensywności poszczególnych pasm. 

Praca obejmuje również analizę bezwzględnych współczynników wzmocnienia SERS, wynikających 

zarówno ze zlokalizowanych, jak i zdelokalizowanych modów plazmon–polaryton w ultracienkich 

warstwach Au. Uzyskane wyniki dostarczają podstaw do projektowania plazmonicznych podłoży SERS 

opartych na ultracienkich nanostrukturach metalicznych. Wytworzone anizotropowe próbki 

plazmoniczne charakteryzują się silnym wzmocnieniem sygnału SERS, rozproszoną siecią obszarów 

silnej lokalizacji pola oraz szerokim zakresem przesunięć Stokesa, spełniając kluczowe wymagania dla 

wydajnych i stabilnych, wielkoobszarowych sensorów SERS. 
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1.Introduction 

Spectroscopy: 

Light –matter interactions are standard, everyday phenomena which allow us to measure and 

observe our surroundings. Such as vision which enables us the power of sensing with our eyes. 

Sir Isaac Newton coined the term “spectrum” which in Latin means “image” in order to describe 

the band of colors dispersed using a prism1. The study and analysis of spectra is known as the 

field of spectroscopy.  

                      Various spectroscopic techniques are continuously developed to identify and 

investigate: the properties of elements, atomic and molecular structures, their interactions and 

reactions even from the farthest galaxies to inherent proteins and DNA molecules in terrestrial 

organisms2,3. Thus, serving as an important tool in the fields of medicine, chemistry, physics 

and astronomy2,4.  

                      It was James Clerk Maxwell who formulated the equations unifying electricity 

and magnetism describing how electromagnetic (EM) waves propagate and interact with 

matter5. Meanwhile, the discovery of discrete spectral lines obtained from the hydrogen atom 

and the dependence of wavelength of radiation on the temperature of a black body paved way 

for the basis of quantum mechanics6. It also proved that the light-matter interactions involved 

quantized energy transfer, where the electrons bound to an atom absorb or emit photons with 

specific energies7,8. This analysis of light-matter interactions (spectroscopy) was the foremost 

reason which paved way for the concept of wave-particle duality of elementary particles such 

as photons and electrons9,10. These concepts were crucial in understanding optical phenomena 

such as absorption, emission, scattering, reflection, refraction, interference, diffraction and 

transmission which are governed and explained either by the electromagnetic theory or quantum 

mechanics based on the investigated system11,12. As a result of these advancements in the 

analysis of light-matter interaction13,14, further led to the development of other applications 

apart from spectroscopy and sensing, such as: photovoltaics15–17, antennas18,19, optical 

tweezers20–21, optical modulators22, lasers23,24, light emitting devices25,26 and optical fibers27.  

                Particularly, with the invention of lasers in 196028, where the properties of light could 

be manipulated to a greater extent facilitated in the realization of more sophisticated 

advancement and development in the field of photonics and optical components: such as 

advanced confocal microscopy29, spectroscopic imaging30, diagnostics31, display32 and in 

communication technology33,34. These photonics-based devices even dominated the field of 

electronics which had a hegemony in the previous 20th century. This century has been termed 

rightly as the "century of light” as photonics and optics-based devices drive innovation, 

communication and technology today35.  

Raman spectroscopy. 

Importantly, after the advent of lasers a dwindling scattering spectroscopy known as “Raman 

spectroscopy” which had no relevance for commercial application until then, was revived36. 

The Raman scattering effect was discovered by Sir. Chandrasekhara Venkata Raman who 

demonstrated this ground breaking phenomena of inelastic scattering of matter37. It is 
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recognized as a significant technique to analyze the composition of liquids, gases, and solids 

and to differentiate molecular structure38,39. Thus designated as a National Historic Chemical 

Landmark by the American Chemical Society in 199840. Even though, the first commercial 

Raman instrument equipped with a dispersive grating and a laser source, was only introduced 

in the early 1966 by Coderg and Spex companies41,42. As a result of the focused and intense 

laser excitation the application of Raman spectroscopy widened.  

 

Figure 1.1. Timeline depicting the development of the Raman and surface enhance Raman scattering 

effect into a modern analytical spectroscopic technique41,42. 

Raman spectroscopy acquired a greater impact on chemical analysis and particularly in studying 

chemical and molecular bonds as Raman peak frequencies are specific to each molecular bond 

vibrations and their symmetry39. This allowed to acquire the fingerprint Raman spectra of 

molecules in bio-chemical analysis43. However, with the further development of infrared 

https://en.wikipedia.org/wiki/National_Historic_Chemical_Landmarks
https://en.wikipedia.org/wiki/National_Historic_Chemical_Landmarks
https://en.wikipedia.org/wiki/American_Chemical_Society
https://www.google.com/search?client=firefox-b-d&cs=0&sca_esv=5a4b1ba8a892269d&sxsrf=AE3TifOrZimVIEeG4rKXWl2dbNhoEIX35g%3A1752244566330&q=Coderg&sa=X&ved=2ahUKEwirnfLWg7WOAxXn8LsIHfDLM6QQxccNegQILBAB&mstk=AUtExfCJ92dfT-62PTWI6XWTZ-_kTS731JK1SnwdysfluVCH9VsWo5qQ5OvMt-6LqGv7PXSi9_41GWdofNUVQH6GNvGOsuvmQOhoOhE0kiHRfwhNgZtjhJRadq4sx-7L5T2wuSNHw2Nff4LP-8mMIt_bfpcjHKvKoJeiEF6ZJRUd0n1dB_E&csui=3
https://www.google.com/search?client=firefox-b-d&cs=0&sca_esv=5a4b1ba8a892269d&sxsrf=AE3TifOrZimVIEeG4rKXWl2dbNhoEIX35g%3A1752244566330&q=Spex&sa=X&ved=2ahUKEwirnfLWg7WOAxXn8LsIHfDLM6QQxccNegQILBAC&mstk=AUtExfCJ92dfT-62PTWI6XWTZ-_kTS731JK1SnwdysfluVCH9VsWo5qQ5OvMt-6LqGv7PXSi9_41GWdofNUVQH6GNvGOsuvmQOhoOhE0kiHRfwhNgZtjhJRadq4sx-7L5T2wuSNHw2Nff4LP-8mMIt_bfpcjHKvKoJeiEF6ZJRUd0n1dB_E&csui=3
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absorption spectroscopy by Fourier transform which also provides characteristic vibrational 

peaks of molecules, the difficult and time-consuming Raman spectroscopy was often less 

used44,45. Until further advancement in optical components and photonic technologies around 

the 80s, such as the integration of a microscope and a charge coupled device (CCD detector) to 

the Raman instrument made it a regular analytical device among researchers from different 

fields46,47. 

                     After decades of its discovery the Raman scattering effect can be conclusively 

affirmed to have developed into a quick48, one-step43, label free49, non-destructive46 analytical 

spectroscopic method. Material information and precise details such as breaking or formation 

of chemical bonds50,51, phase transitions52, residual strain/stress53, or the presence of lattice 

defects53 are quickly measured on samples utilizing it. It also excelled in its advantage over IR 

absorption spectroscopy requiring minimal sample preparation46, its sensing capability of 

aqueous solutions with better selectivity54, depolarization studies55, and in detecting IR-inactive 

vibrational modes56. Continuously there is still an ongoing development of Raman 

spectroscopic technique on its integration with other optical techniques such as: coherent 

Raman scattering microscopy57, resonance Raman scattering58, confocal Raman scattering 

imaging59 and stimulated Raman scattering microscopy60 being realized. The timeline for the 

development of the Raman scattering effect into the different types of modern ubiquitous 

spectroscopic and microscopic methods are portrayed in Figure 1.1. 

                     Although these techniques effectively increased its sensitivity, selectivity and 

range. Analysis of ultra-low analyte concentrations and single molecule sensing was non-

effective and are still commercially unachievable for large-scale robust sensing with these 

aforementioned Raman spectroscopy developments61. This is due to the nature of this 

phenomena as roughly only one in a million photons are in-elastically scattered62, with further 

limitations due fluorescence interference and complex sample preparation processes. 

Surface enhanced Raman spectroscopy. 

In 1973, Martin Fleischmann and his co-workers in the University of Southampton observed an 

enormous Raman scattering enhancement of pyridine molecules adsorbed on electrochemically 

roughened silver surface63. This effect would be later termed as Surface enhanced Raman 

scattering (SERS) effect and would be conferred with the award of National Chemical 

Landmark by the Royal Society of Chemistry to the University of Southampton in the 40th 

anniversary of this important discovery64. This technique amplified the scattering signals of the 

inherently weak but structurally rich Raman scattering of analytes of low concentration65. One 

of the primary reasons for the enhancement of the Raman scattering of molecules on these metal 

surfaces are the “enhanced EM nearfield” due to the excitation of plasmon66. The mechanism 

of this enhancement involving the excitation of surface plasmons was suggested and proposed 

by Albrecht, Creighton66,67. and Philpott66. Importantly, the dependence of SERS intensity 

based on the enhanced EM near-field due to localized surface plasmon excitations was reported 

by Moskovits68. This thesis is primarily focused in understanding the optical properties of 

percolated and non-percolated ultra-thin Au metal films (t ≤ 10 nm) deposited on corrugated 

sapphire templates solely towards utilizing it for surface enhanced Raman spectroscopy 

application.  

https://en.wikipedia.org/wiki/Royal_Society_of_Chemistry
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Particularly two types of light-matter interactions: 

1. Photon (quantized electromagnetic field hν) and its interaction with plasma (free 

electron gas) on the surface of the ultra-thin percolated and non-percolated Au metal 

films (which results in quantized plasmon resonances). 

and 

2. Photon (quantized electromagnetic field hν) and its interaction with the vibrational 

modes (optical phonons) of a molecule’s bonds (which re-radiates weak inelastic 

Raman scattering). 

are analyzed and studied in depth to understand the enhancement of in-elastic Raman signals 

on these plasmonic samples so as to design effective and robust ultrathin film-based SERS 

substrates. Here, the weak inelastic light scattering from vibrational modes is strongly enhanced 

for molecules present on metals surface, this is due to the unique excitation of polaritons (hybrid 

quasiparticles) comprising enhanced photon density (EM near-field) in the metal/dielectric 

interface as mentioned above68,69. These excited plasmon-polaritons with quantized collective 

oscillation of free electrons (ℏωp) are excited when photons transfer their energy to the free 

electron oscillations in the metal surface resulting in a polaritonic coupling as a result of 

resonance69,70.  

             In this work the intensity of the enhanced Raman vibrational modes is corroborated 

with the wavelength, spatial and temporal features of the excited plasmon-polariton modes, as 

different types of plasmon-polariton modes are excited depending on the geometrical shape, 

morphology and periodic surface topography of the deposited ultrathin Au films71,72. The type 

of plasmon-polariton mode that is supported on these samples can be essentially known by 

solving the Maxwell’s equation for EM waves onto geometric mediums possessing boundary 

conditions and optical properties reflecting both percolated and non-percolated metal/ dielectric 

interfaces, as structural modulations induced on metals surface reorder the collective oscillation 

of free electrons ωp in it influencing photon-plasma interaction 70. Numerical methods based on 

finite-difference time-domain (FDTD) and finite integration methods are utilized to solve 

Maxwell's equations on plasmonic nanostructures with complex geometries73. These 

simulations also allow researchers to design and optimize plasmonic devices for various 

applications, such as biosensing74, optical antennas18, and metamaterials75. Finally, polarized 

and wavelength scanned Raman analysis was performed for a selected non-isotropic thiophenol 

molecule on these fabricated samples which enabled to validate the EM nearfield mechanism 

of SERS and study its surface selection rules. The significance and scope of this original 

experimental thesis is discussed in the upcoming section 1.1. 

1.1. Significance and scope of the thesis. 

Utilization of sensors has acquired paramount importance in the field of biomedicine, food 

safety, and environmental monitoring76,77. Importantly, accurate and quick detection of bio-

chemical markers is a vital necessity for forensics78, early disease diagnosis79 and pollution 

control80. Hence the demand for a real-time sensing probe is growing rapidly81. The detection 

of low-concentration analytes and markers are difficult with traditional diagnostic and 

spectroscopic probes82,83. As they rely heavily on specialist and doctors for authorized 

https://www.google.com/search?client=firefox-b-d&cs=0&sca_esv=0e39c597175f10a4&sxsrf=AE3TifOFTfp7-YPtj4OPinZYqJjYKQODEA%3A1752682348742&q=finite-difference+time-domain+%28FDTD%29+method&sa=X&ved=2ahUKEwjMm4jG4sGOAxWp4gIHHZTcBIcQxccNegQIKhAB&mstk=AUtExfD6YGdNhHfStvT8VGGhfCKVmieIqk7-6NlRqcqv5CKCMmjTQ-byaWtOTl_VZGcTSvwEwRhx7u5GZSOkpE4nZ6pgcpdjMrH8Fa2_s2fK84yCyBhvDxD6k5d-sGENhUYBMVQa41DG2_YrGs4I0Qdt9w3fu--_KqaS7zAH4FH10jen5qM&csui=3
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verification and diagnosis. Additionally, they are time consuming, with poor resolution and 

provide limited information especially on the biochemistry underlying the contamination or 

infection. Thus, the ability to detect low concentration chemical and biological molecules in a 

quick, sensitive and reliable manner is of high importance in this industrialized world84,85.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Scope and applicative relevance of surface enhanced Raman scattering effect. 

                       Surface-enhanced Raman spectroscopy (SERS) is an already common versatile 

technique providing both qualitative and quantitative information of the probe analytes, as it 

measures both the intensity and frequency of the in-elastically scattered light by matter. Figure 

1.2 shows the chart illustrating the scope and various other applicative relevance of SERS 

effect. It has rapidly advanced for its significant signal enhancement, fingerprinting ability to 

identify low concentration molecules in a one-step process86,87. Recent developments in AI 

powered SERS platforms shows promising scope in revolutionizing quick and accurate 

quantitative analyte sensing88,89. The key characteristic of a SERS-active substrate is the 

enhanced EM nearfield which amplifies the Raman scattering signal of an analyte present in its 

vicinity. Where the EM nearfields frequency, spatial distribution and intensity can be optimized 

by changing the size, shape, orientation and periodicity of the metal nanostructure71,90. 

However, SERS substrates exhibiting plasmon resonance in the UV–visible range induces 

photochemical reactions91,92 and disadvantages such as photo- bleaching93, photo-

degradation94, and interference effects95 due to fluorescence resulting from both analyte and 

metal surface. For this reason, Raman excitation laser in the near- infrared (NIR) wavelength 

range is utilized for reducing the energy transferred to the system, minimizing photo-induced 

effects on the probe analytes and sample degradation95,96.  
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                      In this PhD research, I utilized a well-established temperature-induced surface 

reconstruction of (α-Al2O3) technique97, which was used to fabricate large-area (2x2cm) 

corrugated templates of different corrugation periods for ultra-thin plasmonic Au film 

deposition. Percolated and non- percolated Au films were deposited on these templates under 

ultrahigh vacuum (UHV) conditions to study their optical properties and investigate them for 

SERS application. As, non-percolated and near-percolating ultrathin films supporting both 

localized and delocalized plasmon modes have been reported to exhibit unique plasmonic 

properties with enhanced scattering cross-sections suitable for SERS application98-100. Figure 

1.3 shows the illustration of the properties and advantages of the Al2O3/Au plasmonic system 

fabricated and studied in this thesis. Here, the Au films self-assemble into 2D-MNP arrays with 

in-plane anisotropic ordering on these corrugated sapphire templates at thickness below the 

metal percolation threshold under optimal deposition conditions. This approach performed in 

this study eliminates the requirement for complex glancing-angle deposition techniques as 

reported in other studies101-103. These substrates decorated with metal nanoparticles MNPs 

exhibit tunable localized plasmon polariton modes dependent on the excitation polarization 

confining the illuminated light into sub-diffraction volumes104,105.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Properties and advantages of Al2O3/Au (dielectric/metal) based plasmonic system which is 

fabricated and studied in this original experimental thesis. 

This confinement of light with high order of near-field enhancement (~1010) breaks the classical 

diffraction limit for sensing in sub-nano-metric areas105. Although, the fabrication of these 

ordered MNP arrays with dimensions and period below 20 nm are difficult to achieve by 

conventional photo- and e-beam lithographic techniques106. Wet chemistry107 and colloidal 

suspension techniques108 also result in poor reproducibility due to agglomeration and particle 
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overlaps leading to non-uniform MNP inter-particle gaps. The resulting spatially non-uniform 

plasmonic modes excited in these non-ordered gaps, with different EM near-field strength and 

frequency limits the feasibility of utilizing these samples for reliable, robust, large-area SERS 

sensing as well as studying non-linear Raman scattering processes and SERS surface selection 

rules. Giant EM-nearfield enhancement was observed on these fabricated samples, as the 

excited collective plasmon-polariton modes “hybridize” due to interaction between the MNP 

arrays with inter-particle spacing S<r, where r is the radius of the MNP. The anisotropically 

ordered arrays were highly specific to light attributes such as polarization and wavelength and 

exhibited an anisotropic plasmonic effect. Polarized and wavelength scanned SERS 

measurements performed on it revealed a dichroic SERS anisotropy. These distinct dichroic 

anisotropies were compared and studied for SERS excitation at both super and sub-radiant 

collective plasmon mode frequencies. This analysis on ordered MNP arrays with ultra-small 

inter-particle gaps S < r highlighted the roles of S and MNP ordering in the SERS enhancement 

of an investigated analyte. The performed experimental studies are pivotal for designing SERS 

substrates with very small inter-particle gaps, as they generate a large number of intense and 

well-distributed SERS hotspots in real space.  

                     However, for metal deposited above the percolation threshold thickness, laterally 

continuous periodic metal films which can support “propagating” surface plasmon polariton 

(SPPs) modes are formed. These structures supporting delocalized SPP modes also have a 

diverse range of applications such as on-chip communications109, waveguides110, THz devices 

111 and in increasing the spatial resolution of scanning near field microscopy (SNOM)112 apart 

from SERS sensing. For non-isotropic analytes such as phenyl-thiolates (PT) adsorbed on metal 

surfaces as used in this study, the polarization and strength of the enhanced electric field 

components on the surface influences its relative Raman peak intensities based on the 

molecule’s Raman polarizability tensor (α)67. “Surface selection rules” based on varying Raman 

peak intensities in SERS for probe molecules adsorbed on surface of metal was proposed in 

Refs113,114. Polarized SERS performed on these SPP supporting samples and the analysis of 

their ratio of relative Raman intensities was utilized to predict the orientation of adsorbed PT 

molecules on the surface. These percolated anisotropic samples supported propagating near-

infrared SPPs with the generation of large electric field components parallel and perpendicular 

to the surface based on their spatial corrugation vector kx spatial corrugation. Further, the corrugation-

induced plasmonic anisotropy and adsorbed molecular vibration – polariton interaction was 

investigated. SPPs excited in these percolated films have near-field in NIR ranges which exerts 

a large molecule dipole oscillator strength with reduced photo-induced disadvantages115 such 

as charge transfer and interference background signal in spectra. This makes these substrates 

suitable for the study of molecular vibrations – polariton interaction115-117. Further, molecular 

emitters on the surface of periodic metal nanostructures couple to the nearfield SPP mode and 

re-radiate their energy as Bragg scattered light, this has a promising scope due to its applicative 

relevance in developing molecule based emissive devices such as OLED (Organic Light 

Emitting Diode)118 and molecular dye laser119. Finally, this study sheds light on the dependence 

of propagating SPP modes surface field orientations in the enhancement of Raman vibration 

scattering of both diagonal and non-diagonal components of α of a molecule adsorbed on 

corrugated plasmonic surface. 

https://www.sciencedirect.com/topics/materials-science/mechanical-strength
https://www.sciencedirect.com/topics/physics-and-astronomy/oscillator-strength
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           These studies on percolated and non-percolated Au metal films validated the EM 

nearfield mechanism of SERS and also provided understanding for optimizing excitation light 

attributes such as polarization and wavelength in SERS sensing. Finally, the positives and 

drawbacks of the fabricated samples in SERS application are discussed. 

1.2. Thesis outline 

The structure of this thesis is as follows:  

Chapter 1 introduces the main theoretical concepts and fundamentals required for the 

experimental methods and discussions presented in the thesis. First, I will state the definition 

and structural differentiation of percolated and non-percolated ultrathin metal films. Then, I 

will introduce the fundamental Maxwell’s equations of EM waves to understand the behavior 

of light in plasmonic systems. The Drude model of a free-electron gas in a metal is derived to 

model the behavior of plasmas in metals and conditions for the formation of plasmon polaritons 

during light-matter interaction in ultrathin Au metal films are explored. Further, the interaction 

and hybridization between two plasmonic modes their spatial and temporal properties and an 

anisotropic plasmonic effect resulting due to it are presented. The theory of non-radiative decay 

of plasmons through the excitation of charge carriers and their relaxation is presented and 

introduced. Finally, the theoretical background of Raman scattering effect and the mechanism 

of surface enhanced Raman scattering (SERS) are discussed.  

Chapter 2 describes the experimental techniques used throughout this thesis. The 

fundamentals, instrumentation, operation and parameters of the fabrication techniques used in 

the thesis are presented. Characterization instruments such as atomic force microscope, UV vis 

spectrometer, ellipsometer, transient absorption spectrometer and Raman spectrometer their 

working and principle are described. Including the instrumentation setup and parameters used 

in polarized and wavelength scanned optical measurements. Next, some of the theoretical 

simulation methods such as finite integration method and finite-difference time-domain 

(FDTD) methods which were used in the studies are presented and discussed.  

Chapter 3 This chapter presents and discusses the plasmonic properties of the fabricated non-

percolated, anisotropic metal films on corrugated sapphire templates. The structure of the 

fabricated non-percolated Au film on corrugated sapphire substrates is analyzed and discussed. 

Polarized steady state and transient absorption spectra are compared and interpreted, the 

excitation of collective plasmon modes through hybridization is discussed. The reason for the 

anisotropic plasmonic effect in these samples is interpreted and explored. Their spatial and 

temporal features are studied and discussed by EM simulations. 

Chapter 4 This chapter presents and discusses the plasmonic properties of the percolated, 

anisotropic Au films deposited on corrugated sapphire templates. The structure of the fabricated 

percolated Au film on corrugated sapphire substrates especially their post and pre deposition 

annealing process is analyzed and discussed in detailed. The polarized spectroscopic results are 

interpreted. The conditions for exciting propagating surface plasmon polaritons are studied 

through plotting dispersion curves and modelling EM nearfield distributions. Finally, the reason 

for the anisotropic plasmonic effect in these samples are interpreted and explored. 
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Chapter 5 This chapter discusses the Raman spectroscopy measurements performed on the 

ultrathin Au films deposited on corrugated sapphire templates. Through polarized and 

wavelength scanned Raman measurements SERS resulting from both the super and sub-radiant 

collective plasmon modes on non-percolated ultrathin Au films are presented. The dependence 

of inter-particle spacing and metal nanoparticle ordering in the SERS enhancement of phenyl 

thiolate probe analytes are discussed and presented. Further, the SERS enhancements due to 

propagating surface plasmon polariton modes excited on percolated ultrathin films are 

presented. A resulting dichroic SERS intensities of Raman vibrational modes of different 

Raman polarizability tensors are investigated and reported. The polarized and wavelength 

scanned Raman results are utilized to validate the EM nearfield mechanism SERS. 

Chapter 6 the experimental findings and conclusions of the previous chapters are summarized 

and future outlooks of the thesis are presented. Possible applications and drawbacks of the 

fabricated samples are discussed. 

Theory and fundamentals 

1.3. Structure formation of ultrathin metal films - Theory 

Real structure of a deposited metal layer is an important parameter which determines the 

physical, optical, and electronic properties of an ultrathin metal film. It is necessary to 

understand the fundamentals of ultrathin film structure formation, as engineering and 

reproducing optical properties of an ultrathin film becomes a severe constrain during deposition 

processes. In nature, a solid structure most certainly has defects both intrinsic and extrinsic. 

Deposition of ultrathin metal films by electron beam evaporation process is a non-equilibrium 

process with impurity atoms of residual gas molecules in the deposition chamber contributing 

to extrinsic defects120. These defects play an important role in the structure formation of 

ultrathin films during deposition processes and thus ultimately influencing its physical 

properties, interaction with light and its subsequent optoelectronic properties120,121. 

 

Figure 1.4 Qualitative illustration of factors that control ultrathin film structure formation and their 

resulting properties and application. 

This comparatively makes the number of defects in ultrathin films fabricated by electron beam 

evaporation process ~ 5 orders of magnitude larger than bulk metal films120. As a result, 

ultrathin metal films with t ≤ 10nm fabricated for optical grade applications through electron 

beam evaporation are usually porous with interconnected networks or polycrystalline in 

structure. These ultrathin films exhibit distinct optical and electronic properties from their bulk 
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counterparts121. During deposition ultrathin films have a metastable non-equilibrium structural 

phase where their real structure tends to change whenever the energy in the deposition system 

changes. Thus, real structure formation is linked by both the deposition parameters and the type 

of ultrathin metals. In order to tune the optical properties of ultrathin films dependent on its real 

structure, the mechanism of thin film structure formations based on diffusion and adsorption 

processes such as: nucleation, coalescence and ensuing thickness growth should be studied and 

understood by optimizing deposition parameters120,122. Figure 1.4 shows the qualitative 

illustration of factors that control ultrathin film structure formation, their resulting properties 

and application that can be realized by optimizing the deposition parameters. 

Growth mechanism. 

(A) Nucleation  

The initial formation of ultrathin metal films undergoes heterogeneous nucleation when 

deposited by electron beam evaporation. Both the atoms of the evaporated metal as vapor and 

the atoms on the substrate different that of the vapor contribute to the condensation of metal 

adatoms on the surface 120. The vapor pressure of the evaporated metal from a target source with 

temperature T can be assigned as pv, and the equilibrium vapor pressure on the substrate with 

temperature Ts as ps. 

Subsequent nucleation takes place at usually high supersaturations Ss 

Where, Ss = 
𝑝𝑣

𝑝𝑠
                   (1) 

The electron beam deposition rate R can be related to 𝑝𝑣 as 

R = 
𝑝𝑣

(2𝜋 𝑚𝑚𝐾𝑇)
1/2

                (2) 

mm = atomic mass of the deposited metal atom, K= Boltzmann constant and T = temperature 

of the evaporation source. 

Apart from the pressure dependent supersaturations Ss which initiates the nucleation, the surface 

energies of the ultrathin metal film 𝜗𝑢𝑡  and the substrate 𝜗𝑠𝑡 together with their interaction 

energy 𝜗∗ also influences the further growth mechanism of the ultrathin film based on the 

Young’s equation 2.1120.  

𝜗𝑠𝑡 = 𝜗∗ + 𝜗𝑢𝑡 cos𝜑          (2.1) 

where the wetting angle 𝜑 of the condensating nuclei on the substrate is described by the Young’s 

equation 2.1. 

(i) Layer by layer method - where the ultrathin metal nuclei grow on top of the other as 

a 2-Dimensional layer. Here the interaction between the ultrathin film atoms and the 

substrate atoms is greater when compared to the interaction between their adjacent 

metal atoms, as 𝜗𝑠𝑡 > 𝜗∗ + 𝜗𝑢𝑡 and subsequently (𝜑 = 0). 

(ii) Metal islands – where the ultrathin metal nuclei’s grow as 3-Dimensional islands. 

Here the interaction between the ultrathin films with their adjacent metal nuclei’s is 
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more efficient than the interaction with the substrate atoms, as 𝜗𝑠𝑡< 𝜗∗ + 𝜗𝑢𝑡 and 

subsequently (𝜑 > 0). 

(iii) Whereas, initial monolayer layer growth and subsequent island growth occurs when 

𝜗∗ increases as films thickness t grows 120,122. 

(B) Coalescence 

Coalescence is the process of increase in surface coverage f of the metal nuclei, until adjacent 

metal grains interconnect to form a connected metal network123. Whereas separated crystal 

grains in a 2-dimensional polycrystalline film can also coalescence to form connected crystal 

network with reduced grain boundaries in the 2D polycrystalline film. In this study a structural 

coalescence process (fusion of individual metal islands) for increasing deposition thickness t 

influenced by both the factors of supersaturation and surface energies determines the diffusion 

of the islands, transporting them to open gaps to form connected metal networks122,124. 

       The thickness t at which these islands form a continuous network of metal is known as the 

percolation threshold fc. To percolate means to pass or to cause to pass through a porous 

material where connective paths appear to facilitate charge delocalization. Figure 1.5 

shows the schematics of the temporal coalescence of metal nuclei to achieve structural 

percolation. This transition plays an important role in determining the optical and electrical 

properties of ultrathin films as the films transforms from an insulative to a conductive 

phase122,125. 

 

 

 

 

 

 

 

Figure 1.5. Illustration of a model showing the temporal coalescence of metal nuclei towards percolation 

(Adapted with permission122). 

(C) Thickness growth 

The mean percolation threshold thickness t for Au ranges from 4 to 12nm depending upon the 

film substrate, chamber pressure and other deposition parameters. However considerable 

percentage of light in the visible region is reflected by the percolated metals only at very large 

film thickness t >> 50nm transitioning as mirrors121. Further, the structure formation of Au 

ultrathin films for increasing thickness t >> 12nm are further determined by the substrate 

temperature Ts and melting point of metal Tm. Thus, different structure formation processes can 

occur based on Ts/Tm on increasing metal thickness well above percolation threshold and is 

beyond the scope of the experiments performed in this thesis120,126.  
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                 These growth models of ultrathin metal films discussed above show that fabrication of 

ultrathin metal films by electron beam evaporation, is a process influenced by a considerable 

amount of residual gas molecules in the deposition chamber influencing adatom diffusion 

processes, and is a poor technique to acquire homogeneous phase ultrathin metal films. Due to 

this reason electron beam evaporation operating in ultra-high vacuum conditions (~10-10 mbar) 

was utilized to deposit ultrathin films for plasmonic applications to improve optical grade quality 

and reproducibility. 

1.3.1. Non-percolated ultrathin Au films 

Noble metal such as Au ultrathin films deposited on dielectric substrates follow the Volmer-

Webber growth mechanism (as metal islands) due to 𝜗𝑠𝑡< 𝜗∗ + 𝜗𝑢𝑡
127,120. They nucleate as 

isolated islands at metal thickness t well below the percolation threshold at low deposition rates. 

This is due the poor wettability of metals evaporated on miscut sapphire substrates. These 

deposited ultrathin films are in an insulating phase as a result of the very low metal surface 

coverage f 120,122. At Au thickness t below and near the metal percolation threshold these films 

exhibit anomalous optical constants when compared to the bulk metal128. The reason for this, is 

the real structure of the non-percolated ultrathin metal films as metal islands, as discussed. 

Figure 1.6 shows the SEM images of a ~6nm thick of non-percolated Au film deposited on 

corrugated sapphire template with template period P ≈ d and P > d, where d is the diameter of 

the nucleating metal grain. The interaction of these particles with light are governed by their 

surface plasmon resonances, exciting a localized plasmon polariton mode. This phenomenon 

due to the non-percolated island films will be discussed in detail in section 1.4.2. 

 

 

 

 

 

 

 

Figure1.6. SEM images of a ~6nm thick non-percolated Au film deposited on corrugated sapphire 

template with (a). P ≈ d and (b). P ≥ d. The SEM images have low resolution and contrast218. This is 

because the sapphire is a highly insulating material with a large dielectric constant. Its poor electrical 

conductivity led to significant charging effects during SEM imaging, limiting the feasibility of obtaining 

high-quality images (the white scale bar in the images represents 100nm). 

 

1.3.2. Percolated ultrathin Au films 

Ultrathin films with thickness at the percolation threshold fc exhibit a structure of connected 

networks. The percolation threshold in metal films is more precisely defined as the 

(a) (b) 
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concentration of metal islands surface coverage f where current can flow from one edge of the 

sample to the other 120,122. Figure 1.7. shows the SEM image of ~10nm thick Au deposited on 

corrugated sapphire templates exhibiting connected network of percolated ultrathin film 

structure. It can be observed that the resolution and contrast of the SEM image in Figure 1.7. 

improves when compared to Figure 1.6. due to the increased film connectivity facilitating 

electric conductance across the percolated Au layer. This resulted in a reduced charging effect 

in the sample when compared to non-percolated films deposited on sapphire which limited the 

resolution and contrast of SEM image during measurement. The threshold transition of this 

insulative to conductive phase is similar to phase transitions due to temperature, where at a 

critical temperature the system changes from insulator to polycrystalline or crystalline material.  

Whereas, here the phase transition is due to the geometrical feature-based transition to a 

conductive phase125 due to their interconnection as metal networks. After this transition the 

ultrathin film undergoes a process known as hole filling for increasing deposition t till the 

channels in the percolated network are completely filled and the surface coverage can be 

considered as f = 1 acting as an effective mirror120. 

 

 

 

 

 

 

 

Figure 1.7 (a), (b). SEM image of a ~10nm thick of percolated Au film deposited on corrugated sapphire 

templates with period P ≥ d. (the white scale bar in the images represents 100nm)218. 

1.3.3. De-wetting pathway of ultrathin metal films 

The real structure of ultrathin films such as size, distribution of metal islands, voids and metal 

interconnection networks can be also optimized by thermal annealing process129. Post 

deposition annealing processes are usually carried out to tune the properties of the fabricated 

ultrathin metal films. The temperature induced de-wetting process depends on the morphology 

of the ultrathin films, and proceeds as formation of pinhole like voids, their broadening and 

expansions. These de-wetting pathways take diverse routes depending on the mass of the 

deposited just percolated film130-132. For films with t ≤ 12nm faster de-wetting than in-plane 

grain growth is observed as large number of voids are present at both the metal/ambient 

interface and the metal/substrate interface, whereas for films with thickness t ≥ 12nm the voids 

at metal/substrate interface are closed and do not protrude throughout the film, here a faster 

kinetics of in-plane grain growth driven by the reduction in grain boundary energy is observed 

when compared to film de-wetting. Figure 1.8. shows the schematics of in-situ time dependent 

transmission measurements for a nominal Au film of t ~ 10 nm deposited on glass slides and 

(a) (b) 
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annealed at a high temperature of T ~ 550 ̊ C129, it shows the trend of time dependent kinetics 

of structure formation during high temperature annealing.  

           Subsequently, for just percolated Au films of 10 nm < t < 12nm deposited on sapphire 

dielectrics under UHV conditions as used in this thesis, a low temperature annealing T ≤ 300 ̊ 

C can improve the metal networks film connectivity before the film de-percolates at longer 

annealing time130. As for higher temperature post deposition annealing process T ≥ 600 ̊ C at a 

longer time results in the formation of large isolated metal island depending of the thickness of 

the deposited metal and the corrugated template periods. The thermal and wetting properties of 

the underlying template influence the kinetics of the thermal de-wetting processes considerably. 

Robust dielectric substrates like sapphire with high melting point are beneficial to study 

thermally controlled plasmonic metal nanostructures for optoelectronic applications132 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. Schematics of in-situ transmission measurements exhibiting the trend of time dependent 

kinetics of structure formation for nominal Au t ~ 10nm deposited on glass slides and annealed at high 

temperature T~ 550  ̊C. (Adapted with permission129).  

1.4 Optical properties of ultrathin metal films - Theory 

The optical properties of ultrathin films are different than that of their bulk form, as ultrathin 

metal films in the dimension of nanoscale are governed by quantum effects and exhibit peculiar 

complex optical constants128,133. Investigating optical properties of ultrathin metals is the 

analysis of light-metal interactions, and studying its subsequent responses such as reflection, 

transmission, absorption, scattering, refraction or diffraction spectra. The fundamentals and 

theoretical concepts to understand light-metal interactions on percolated and non-percolated 

metal films, the types of plasmon polariton modes excited on them, their hybridization and 

relaxation processes are presented. 
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1.4.1. Maxwell’s equation of EM waves and Drude-Lorentz model of free 

electron gas in metals 

Maxwell’s equations describe the behavior of electric and magnetic fields (light) and their 

response when they interact with polarizable media (matter)5. 

 

𝛁 ⋅ 𝐃 = 𝜌𝑓 , where D =  𝜀𝐸  -  Gauss law for electricity        (3) 

𝛁 ⋅ 𝐁 =  0  -  Gauss law for magnetism                                  (4) 

𝛁 × 𝑬 = − 
∂𝐵

∂t
   -   Faradays law of induction                        (5) 

                             𝛁 × 𝑯 = 𝐽 +
∂𝐷

∂t
  -   Amperes law                                           (6) 

D = Electric flux density, E = Electric field vector, 𝝆 = charge density 

B = Electric flux density M = Magnetic field vector, J = current density 

“From a long view of the history of mankind, seen from, say, ten thousand years from now, there can 

be little doubt that the most significant event of the 19th century will be judged as Maxwell's discovery 

of the laws of electrodynamics. The American Civil War will pale into provincial insignificance in 

comparison with this important scientific event of the same decade.”  

- Richard Feynman 

Solving the Maxwell’s equations in different metallic medium portraying percolated and non-

percolated ultrathin film structures is performed in order to model their optical responses. From 

the curl equations 5 and 6, the wave equation of an electric field’s response when it interacts 

with polarizable medium is obtained as:  

𝛁2𝐸(𝑟𝑝, 𝑡) =
𝑛2

𝑐2

 𝜕2𝐸(𝑟𝑝,𝑡)

𝜕𝑡2
+
𝜕2𝑃𝑖𝑛𝑑(𝑟𝑝,𝑡)

𝜕𝑡2
+
𝜕 𝐽(𝑟𝑝,𝑡)

𝜕𝑡
               (7) 

Where Pind = Polarization of the medium, n = refractive index and c = speed of light, 𝑟𝑝= position vector. 

The polarization or current density terms in the equation 7 can be neglected or included based 

on the type of medium with which the incident electric filed interacts134-136. Whereas, wave 

equation for magnetic field is not solved and presented here as the magnetization is negligible 

for noble metals such as Au at optical frequencies as used in the experiments in this thesis. The 

wave equation associated with the electric field in a one-dimension case and its solution in 

exponential form using Euler’s formula is: 

                                                   
 𝜕2𝐸

𝜕𝑥2
= 

 𝑛2

𝑐2
 
𝜕2𝐸

𝜕𝑡2
                    (8) 

E (x.t) = Eₒ exp(ik x-iωt)          (9) 

Subsequently its frequency depended dispersion relation describing the wavevector k in a 

medium can be solved from equation 8 and 9 as: 
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ko= ± 
𝜔

𝑐
, k = ± 

𝜔

𝑐
 ñ, where ñ is complex refractive index for absorbing materials such as metals  

k = ± 
𝜔

𝑐
 (n'+ in") = ± (𝛽 + 𝑖 

𝛼𝑚

2
 )       (10) 

where, 𝛽 = 𝑘ₒ 𝑛′ = propagation constant and 𝛼𝑚 = 2𝑘ₒ 𝑛" = attenuation constant135. 

Subsequently, the complex refractive index of metals can be related to its complex permittivity 

as: 

ñ = (n'+ in") = (n + iκ)       (10.1) 

𝜀1 = n
2 – κ 2 and 𝜀2 = 2nκ       (10.2) 

Now, assuming that the free electron with a mass mₒ and charge e behaves as a harmonic 

oscillator coupled to the ions and driven by the incident electric field as in Figure 1.9. in order 

to model the ε of metals. 

 

Figure 1.9. Schematics exhibiting the Drude-Lorentz model of free electron gas in metals with 

positively charged ions contributing to restoring force. 

The response of metals to their interaction with light can be modelled by solving the equation 

of motion for the oscillating electrons in a free electron gas model with ionic cores, as in 

equation 11: note: In this section 1.4.1. the symbol t is designated as time. 

mₒ 
 𝜕2𝑥

𝜕𝑡2
 + mₒ γ 

𝜕𝑥

𝜕𝑡
 + mₒ ωₒ x = - eE                (11)     

Where γ is the damping factor. The displacement x of the electron is given as x(t)=xₒ 𝑒𝑥𝑝(−𝑖𝜔𝑡) when 

the driving force related to the incident electric field Eₒ is given by E(t)=Eₒ 𝑒𝑥𝑝(−𝑖𝜔𝑡).  

xₒ = 
−eEₒ/mₒ  

𝜔ₒ2−𝜔2−𝑖𝛾𝜔
 can be substituted to obtain the value of displacement x of the oscillating 

electron135,136. Subsequently, the polarization 𝑃𝑖𝑛𝑑 (macroscopic dipole moment) for a N 

number of oscillating electrons in the metal can be given as: 

                          𝑃𝑖𝑛𝑑 = - N e x(t) =  
N𝑒2E/m  

𝜔ₒ2−𝜔2−𝑖𝛾𝜔
                (12) 

The electric field displacement D resulting due to this macroscopic polarization 𝑃𝑖𝑛𝑑 can be 

written as D = εₒE+Pind  = εₒ εr E, where, εr (ω) = (1 + χ). 

This gives the relative permittivity εr of the metals as: 
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εr (ω) = (1 + χ) + ( 
ω
𝑝2

𝜔ₒ2 −𝜔2−𝑖𝛾𝜔
)              (12.1) 

 𝜔𝑝=√
𝑁𝑒2

𝑚 𝜀ₒ
 , where 𝜔𝑝is the electrons bulk plasma oscillation frequency in metals135,137,138, and χ is the 

electric susceptibility. 

Here, the first term in equation 12.1. is related to the background permittivity intrinsic to the 

properties of the type of metal and the second term to the plasmon resonance. For (ω ˂< ωp) 

in the infrared ranges, the restoring force ωₒ = 0 as the free electrons in metals follow the applied 

incident field and its permittivity can be approximated as: 

𝜀free electrons (ω) = 1 - 
ω
𝑝2

𝜔2+ 𝑖𝛾𝜔
   (12.2), at ε (∞) when the term related to the background 

permittivity is considered as 1. 

And, subsequently the real and imaginary term of the permittivity135,139 can be written as: 

𝜀free electrons (ω) = Re (ε (∞) - 
ω
𝑝2

𝜔2+ 𝛾2
)  +  Im (

𝑖ω
𝑝2 
𝛾

𝜔(𝜔2+ 𝛾2)
)             (13) 

Figure 1.10. shows the graph plotted from the calculated real and imaginary part of the 

permittivity ε for gold based on equation 13. according to the free electron model, for Au metal 

constants: (𝜔𝑝=13.8·1015 s -1, 𝛾 = 1.075 · 1014 s-1 and ωₒ = 0).  

 

 

 

 

 

 

 

 

Figure 1.10. Graph plotted from the calculated real and imaginary part of the permittivity ε for gold 

according to equation 13 based on the free electron model with Au metal constants (𝜔𝑝=13.8·1015 s -1, 𝛾 

= 1.075 · 1014 s-1 and ωₒ = 0)140. The blue solid line represents the real part of 𝜀free electrons , the red, 

dashed line represents the imaginary part of 𝜀free electrons . (Adapted with permission140). 

 

Subsequently, for UV-vis frequencies the higher energy of the incident field can excite the inter-

band lying bound electrons in the metal which includes additional terms related to the binding 

force, here the restoring force becomes ωₒ ≠ 0 subsequently altering and contributing to the 

permittivity135,140 as: 

𝜀bound  (ω) = εr' (ω) + iεr"(ω) = ε (∞) + 
ῶ
𝑝2

𝜔ₒ2 −𝜔2−𝑖𝛾𝜔
           (13.1) 
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Where, ῶ𝑝=√
Ṅ𝑒2

𝑚 𝜀ₒ
 with Ṅ being density of bound electrons and ωₒ = √

𝑙

𝑚𝑒
 , l = spring constant due to 

electrons bound to the ionic core. 

The real and imaginary term135,140 of the 𝜀𝑏𝑜𝑢𝑛𝑑  (ω) can be written as 

 

𝜀bound (ω) = Re (ε (∞) + 
ῶ
𝑝2
(ω𝑜

2+ ω2)

(ω𝑜2+ ω2)2+ 𝛾2ω2
) +  Im (

𝑖ῶ
𝑝2 
𝛾

(ω𝑜2+ ω2)2+ 𝛾2ω2
)          (14) 

 

Figure 1.11. shows the graph plotted from the calculated real and imaginary part of the 

permittivity ε for gold according to equation 14. based on the Lorentz model for Au metal 

constants (𝜔𝑝= 45.10·1014 s -1, 𝛾 = 8.35 · 1016 s-1 and ωₒ = 2πc/λ, λ = 450nm)140. The permittivity 

of Au metal in the spectral region of above ~500nm wavelength can be approximated moreover 

by considering the sum of both the εfree electrons and εbound.  

 

 

 

 

 

 

 

 

Figure 1.11. Graph plotted from the calculated Real and imaginary part of the permittivity ε for gold 

according to equation 14. based on the Lorentz model with Au metal constants (𝜔𝑝= 45.10·1014 s -1, 𝛾 = 

8.35 · 1016 s-1 and ωₒ = 2πc/λ, λ=450nm)140. The blue solid line represents the real part of 𝜀bound , the 

red dashed line represents the imaginary part of 𝜀bound (Adapted with permission140). 

 

Figure 1.12a shows the graph plotted with experimental real and imaginary part of the 

permittivity ε for bulk Au film measured by Johnson and Christy et al141. It can be seen that for 

wavelength below ~500nm the experimental value of imaginary part of the permittivity – (red 

line in the Figure 1.12a) deviates significantly from the trend of the calculated permittivity 

curve of Au in Figure 1.12c based on Drude-Lorentz model combing both the equations 13 and 

14. This is due to the contribution of further higher inter-band electron transitions which are not 

considered in the discussed models.  

                 Although the experimental values of their permittivity can be modelled by adding a 

constant offset which accounts for the additional contribution from these other higher energy 

transitions for yielding the full metal permittivity135,136. Analysis of the optical properties of 
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ultrathin films in this thesis can be approximated combining the discussed Drude free electron 

and Lorentz models based on equation 13. and 14. as the investigation of plasmon excitation 

and utilization of Raman excitation wavelengths being in the spectral region above 500nm.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure1.12. (a), Shows the graph plotted with real and imaginary part of the permittivity ε of Au metal 

based on the Drude-Lorentz model combining equation 13 and 14. (b), Shows the graph plotted with 

experimentally measured real and imaginary part of the permittivity ε for bulk Au film by Johnson and 

Christy et al141. (c), Shows the real and imaginary part of the permittivity ε experimentally measured for 

a 11nm thick Au film by Rosenblatt et al142. The blue solid line represents the real part of 𝜀 and the red 

dashed line represents the imaginary part of 𝜀.  

 

1.4.2. Permittivity of ultra-thin metal films at plasmon polariton excitation. 

Figure 1.12b. shows the real and imaginary part of the permittivity ε experimentally measured 

by Rosenblatt et al. for a 11nm thick ultrathin Au film, it exhibits permittivity modulation in 

the optical frequencies when compared to the bulk metal ε measured by Johnson and Christy et 

al.141 in Figure 1.12a. This is due to the excitation of surface plasmon resonances during light 

matter interaction onto the just percolated Au film of t ~ 11nm with rough interconnected real 

structure when compared to the bulk metal film, this modulates the effective dielectric function 

(b) (a) 

(c) 
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of the material medium exhibiting modified optical constants when compared to their bulk 

form128. Subsequently for ultra-thin metal films with thickness t below the percolation threshold 

the film exhibit Au metal island like real structure as discussed in the section 1.3.1. The 

nucleating Au grains in non-percolated metal films resembles disconnected network of 

nanoparticles with diameter d << λ (λ the wavelength of the incident light). The incident field 

is assumed to be uniform around the metal grain so as the EM phase remains constant over it 

without any retardation effects, whereas MNPs with larger diameters excite higher order 

plasmon modes due to the retardation effects143. So, the polarizability αnp of these MNPs with 

d << λ can be derived based on the quasi-static approximation as electrodynamic calculations 

are replaced with Laplace electrostatic equations as135,139: 

αnp = 4πr3(
𝜀𝑚− 𝜀𝑑

𝜀𝑚+ 2𝜀𝑑
)                      (15) 

where 𝜀𝑚 = permittivity of metal and 𝜀𝑑 = permittivity of the surrounding dielectric medium 

when the denominator in the equation 15 becomes minimum at certain frequencies, the 

polarizability becomes large so as to give rise to a strong resonance between the collective 

electron oscillation and the incident EM wave known as localized surface plasmon resonance 

(LSPR) mode as in Figure 1.13a. For metal nanoparticles with d << λ as studied in this thesis 

the induced polarization in the nanoparticle σnp forms a dipolar LSPR mode135,140 as in Figure 

1.13b. based on the equation 16. 

σnp = 3𝜀𝑑(
𝜀𝑚− 𝜀𝑑

𝜀𝑚+ 2𝜀𝑑
)Eₒ cos 𝜃𝑝         (16) 

where 𝜃𝑝is the polar angle between the incident field and the position vector, Eₒ is the incident electric 

field. 

 

 

 

 

 

 

 

 

 

 

Figure 1.13 (a), Schematic illustration of dipolar LSPR mode for a plasmonic nanosphere with d << λ. 

(Adapted with permission144). (b) FDTD Simulations exhibiting enhanced electromagnetic nearfield due 

to the excitation of dipole localized plasmon polariton mode on a 40nm diameter Ag sphere. (Adapted 

with permission145). 

|E| 

(b) (a) 
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The localized plasmon mode excitation is a result of the MNPs geometrical structure-based 

modification of effective permittivity apart from the intrinsic-background permittivity of the 

Au metal, resulting in a induced polarization σnp in the MNP when the denominator term in the 

equation 16. depending on the primitivities of the metal and dielectric becomes minimum at 

certain frequencies.  

         From equation 13 substituting the permittivity value of a Drude metal as 𝜀𝑚 =  1 − (
ω
𝑝2

𝜔2
) 

when ignoring the term γ due to losses in it to model an ideal Drude metal with (γ≪ω), and the 

permittivity of surrounding dielectric medium as 𝜀𝑑 =1, the frequency where the denominator 

term (𝜀𝑚 + 2𝜀𝑑) in equation 16 achieves a minimum value of zero can be solved as: 

𝜀𝑚 + 2𝜀𝑑 → 1- (
ω
𝑝2

𝜔2
) + 2(1) = 0       (16.1) 

𝜔2 = 
𝜔𝑝
2

3
         (16.2) 

As a result, the permittivity 𝜀𝑚 dependent maximum induced polarization (frequency of the 

LSPR modes excitation) in the metal nanoparticle when 𝜀𝑑 =1 can be calculated to be in the 

frequency range determined by equation 17: 

𝜔𝐿𝑆𝑃𝑅= 
𝜔𝑝

√3
          (17) 

This explains the anomalous optical constants of non-percolated ultrathin metal films governed 

by the excitation of localized plasmon polaritons. Subsequently, for ultrathin film with 

thickness above the percolation threshold, the metal layer acts as a connected network of Au 

grains exhibiting Drude metal characteristics of delocalized free electron gas, in this case the 

incident light gets reflected (or extincted) due to the trend of its imaginary permittivity at 

frequencies of 𝜔 << 𝜔𝑝 (𝜔𝑝 ~ 8.5 eV for Au) as in Figure 1.12b. Although, propagating 

surface plasmon polariton (SPP) modes can be excited on the metal/dielectric interface135,137,140. 

This is as a result of the polarized charges induced at the metal/dielectric interface due to the 

incident electric fields discontinuity along the direction perpendicular to the metal/dielectric 

mediums with different permittivity’s140,137. To derive the conditions for supporting these 

propagating SPP modes, Maxwells equations are solved for the medium reflecting completely 

percolated-metal/dielectric interface. The components of EM fields wavevector in a metal km 

and dielectric medium kd when a field incident on a metal/dielectric interface along the z 

direction as in Figure 1.14a. is given as: 

 

kd = (kdx, 0, - kdz)            (18) 

km = (kmx, 0, - kmz)          (19) 

 

From the dispersion relation in equation 10. The sum of the vector components in equation 19. 

can be written as: 
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k2
x + 𝑘𝑚𝑧

2  = (𝑛2
𝜔2

𝑐2
) = 𝜀𝑚 k

2ₒ 

k2
mz = 𝜀𝑚 𝑘𝑜

2 - k2
x           (20) 

Equation 20. shows that when the permittivity of metal 𝜀𝑚 is negative at certain frequencies, 

the incident wavevector component k2
mz in the percolated metal film become imaginary and the 

wave attenuates inside the metal when assuming that the wave is propagating in the k2
x  

 

 

 

Figure 1.14 (a), Schematic illustration of propagating SPP mode on a metal/dielectric interface with 

propagation direction along the x direction, the black curved lines with arrows represent the electric 

field lines and the plus and minus signs represent the charge oscillation at the interface. The permittivity 

of adjacent regions marked by εd (dielectric) and εm (metal). (b) Dispersion relation for both an SPP 

(solid yellow line) and an LSPP (solid grey line) in comparison to the ‘light line’ (solid black line) for 

photons in free space, with their corresponding equations. 

direction135,137,140. Now solving the Maxwell’s equation for the propagation of a wave along the 

x direction in a metal/dielectric interface using the curl equation 6.135,140 : 𝛁 × 𝑯 = 𝐽 +
∂𝐷

∂t
, 

Since, there are no free flow of charges in the interface, the term current density J is omitted as: 

𝛁 × 𝑯 =
∂𝐷

∂t
=  −𝑖𝜔𝜀𝐸 

For a transverse magnetic (TM) electric field incident on the metal/dielectric interface, the 

incident TM fields magnetic component 𝐻𝑦ŷ in the dielectric as 𝐻𝑑𝑦 and metal medium as 

𝐻𝑚𝑦 can be expressed as: 

𝐻𝑑𝑦 = ℎ𝑚𝑒
𝑖 𝑘𝑑𝑥𝑥 . 𝑒− 𝑘𝑑𝑧𝑧                 (21) 

𝐻𝑚𝑦 = ℎ𝑚𝑒
𝑖 𝑘𝑚𝑥𝑥 . 𝑒− 𝑘𝑚𝑧𝑧               (22) 

Solving the curl equation (𝛁 × 𝑯) on the dielectric medium based on equation 21. 

(𝛁 × 𝑯) =  |

x̂ ŷ ẑ
∂

∂x

∂

∂y

∂

∂z

0 Hy 0

|   = - iω𝜀𝑑𝐸 

(a) 

(b) 
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= - 
∂Hy

∂z
 x̂ +  

∂Hy

∂x
 ẑ = - iω𝜀𝑑𝐸 

ω𝜀𝑑𝐸  = +  𝑖𝑘𝑑𝑧Hdyx̂ −   𝑘𝑑𝑥Hdyẑ̂   (23) 

So, from equation 23 the electric field component in the dielectric Ed can be derived as 

𝐸𝑑 = 
𝐻𝑑𝑦

𝜀𝑑𝜔 
( 𝑘𝑑𝑧x̂-  𝑘𝑥ẑ )    (24) 

And subsequently the electric field component in the metal medium Em can also be derived 

from equation 24. based on the field continuity law as134. 

𝐸𝑚 = 
𝐻𝑚𝑦

𝜀𝑚𝜔 
(− 𝑘𝑚𝑧x̂-  𝑘𝑥ẑ )   (25) 

This shows that the electric fields components for a surface plasmon polariton are along the x 

and z directions on the interface as in Figure 1.14a. Based on the complex optical constants and 

dielectric functions determined in the equations 24 and 25 the below relation in equation 26 

should be satisfied at certain frequencies for SPP waves to be excited and to propagate along 

the x direction135,140. 

 𝑘𝑑𝑧

 𝑘𝑚𝑧
= 

− 𝜀𝑑

𝜀𝑚
    (26) 

The propagation constant β = 𝑘𝑥 of a SPP excited in the interface and propagates along the x 

direction can be derived from the equation 26 as: 

  𝑘𝑥
2 = (

𝜀𝑚 𝜀𝑑

𝜀𝑚+ 𝜀𝑑
)𝑘ₒ

2    (26.1.) 

A range of propagation constants for possible SPP modes excited on a metal/dielectric interface 

can be plotted depending on the dispersive permittivity’s of the metal/dielectric interface 

medium to give the SPP dispersion curve as in Figure 1.14b (solid yellow line). Collective 

electron oscillation of SPP modes (with maximum induced polarization) can be excited at 

frequencies where the denominator in the dispersion relation (𝜀𝑚 + 𝜀𝑑) in equation 26.1. 

achieves a minimum value135,140,146.  

Similarly, substituting  𝜀𝑚= 1- (
ω
𝑝2

𝜔2
) and  𝜀𝑑= 1 in the denominator term (𝜀𝑚 + 𝜀𝑑) of equation 

26.1 the frequency where the denominator term (𝜀𝑚 + 𝜀𝑑) in equation 16. achieves a minimum 

value of zero can be solved as: 

𝜀𝑚 + 𝜀𝑑 = 0, → 1- (
ω
𝑝2

𝜔2
) + 1 = 0 

𝜔2 = 
𝜔𝑝
2

2
  

The frequency of SPP 𝜔𝑆𝑃𝑃 when  𝜀𝑚= 1- (
ω
𝑝2

𝜔2
)  and  𝜀𝑑= 1 can be calculated to be in the 

range of 𝜔𝑆𝑃𝑃= 
𝜔𝑝

√2
     (27) 
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Further, the equation expressing the wavevector of the excited SPP mode extending in both the 

metal and dielectric medium due to its polaritonic nature can also be derived from equation 26. 

as: 

𝑘𝑚𝑧
2 = (

 𝜀𝑚

𝜀𝑚+ 𝜀𝑑
)𝑘ₒ

2     (28) 

𝑘𝑑𝑧
2 = (

 𝜀𝑑

𝜀𝑚+ 𝜀𝑑
)𝑘ₒ

2      (29) 

Since, 𝜀𝑚 is complex for absorbing media such as metals, its wavevectors should be expressed 

in complex form, where β = k' is the real part denoting the propagation constant and 𝛼𝑚= k" 

which denotes the damping of the SPP due propagation in the interface as already discussed in 

section 1.4.1. 

Here, when 𝜀𝑚 + 𝜀𝑑  becomes minimum, the wavevector 𝑘𝑚𝑧 and 𝑘𝑑𝑧 in the metal and 

dielectric medium becomes imaginary as a result of the damping effects in metals based on both 

collision and non-collision of charges (due to material properties, when including the term γ 

related to the damping losses in the permittivity of the metals 𝜀𝑚 as in equation 12.2 and 13.1). 

Further, substituting 𝛿 =  
2𝜋

𝑘
  in equation 28 and 29., we obtain the penetration depth δ of the 

respective fields which are evanescent in the metal and dielectric mediums due to the damping 

losses as135,140,146: 

𝛿𝑑𝑧 =𝜆ₒ𝐼𝑚 |
𝜀𝑚+𝜀𝑑

𝜀𝑑
2 |1⁄2        (30)                  𝛿𝑚𝑧 =𝜆ₒ𝐼𝑚 |

𝜀𝑚+𝜀𝑑

𝜀𝑚
2 |1⁄2      (31) 

 

1.3.5. Plasmon hybridization on ultrathin metal films. 

For percolated ultrathin metal films with thickness t ~10nm as studied in this thesis the 

evanescent field with a penetration depth 𝛿𝑚𝑧 of the excited SPP mode in the metal medium 

can stretch over to the Au metal/template interface to form hybridized symmetric and 

asymmetric SPP modes known as long range surface plasmon polariton (LRSPP) and short-

range surface plasmon polariton (SRSPP)146,147 as in Figure 1.15a. For metal thin films with 

thickness t larger than the penetration depth of the field 𝛿𝑚𝑧 in the metal. The SPP excited in 

the metal/air and metal/substrate interface do not interact however for thinner films with t lesser 

than 𝛿𝑚𝑧 the SPP plasmon modes in the two interfaces hybridize.  

The dispersion relation for coupled SPPs excited in an ultrathin metal layer with t < 𝛿𝑚𝑧 and 

two dielectric interfaces146,140 is given as: 

𝑒−2𝑘𝑚𝑧𝑡 = 
( 
𝑘𝑧𝑑1
𝜀𝑑1

 + 
𝑘𝑧𝑚
𝜀𝑚

)( 
𝑘𝑧𝑑2
𝜀𝑑2

 + 
𝑘𝑧𝑚
𝜀𝑚

)

( 
𝑘𝑧𝑑1
𝜀𝑑1

 −  
𝑘𝑧𝑚
𝜀𝑚

)( 
𝑘𝑧𝑑2
𝜀𝑑2

 − 
𝑘𝑧𝑚
𝜀𝑚

)
  (32) ,where t is the thickness of the metal thin film. 

When t becomes larger than 𝛿𝑚𝑧 the exponential term 𝑒−2𝑘𝑚𝑧𝑡 becomes negligible and the 

equation reduces to the dispersion relation for SPP in a single interface in equation 26. In case 

of symmetrical dielectric 𝜀𝑑 layer on both the sides of the metal layer as 𝜀𝑑2 =  𝜀𝑑1 = 𝜀𝑑. The 

dispersion relation simplifies as equation 33.  
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𝑒−2𝑘𝑚𝑧𝑡 =  (

𝑘𝑧𝑑
𝜀𝑑
 + 

𝑘𝑧𝑚
𝜀𝑚

𝑘𝑧𝑑
𝜀𝑑
 −  

𝑘𝑧𝑚
𝜀𝑚
 
)

2

 
This equation has 2 roots as→   𝑒−𝑘𝑚𝑧2𝑡 =  ±

( 
𝑘𝑧𝑑
𝜀𝑑
 + 

𝑘𝑧𝑚
𝜀𝑚

)

( 
𝑘𝑧𝑑
𝜀𝑑
 −  

𝑘𝑧𝑚
𝜀𝑚

)
     (33) 

 

By rearranging the equation, the dispersion relation can be split into a pair of equations 

simplified146,140,135 as: 

𝑘𝑧𝑑 + 𝜀𝑑  
𝑘𝑧𝑚 + 𝜀𝑚
⁄ = - 

𝑒−𝑘𝑧𝑚𝑡 ± 1

𝑒−𝑘𝑧𝑚𝑡 ± 1
 = 

{
 
 

 
 −

𝑒−𝑘𝑧𝑚𝑡

2
 + 

𝑒−𝑘𝑧𝑚𝑡

2

𝑒−𝑘𝑧𝑚𝑡

2
 − 

𝑒−𝑘𝑧𝑚𝑡

2

=  𝑐𝑜𝑡h (
𝑘𝑧𝑚𝑡

2
)

−
𝑒−𝑘𝑧𝑚𝑡

2
 − 

𝑒−𝑘𝑧𝑚𝑡

2

𝑒−𝑘𝑧𝑚𝑡

2
 + 

𝑒−𝑘𝑧𝑚𝑡

2

=  𝑡𝑎𝑛h (
𝑘𝑧𝑚𝑡

2
)

 

 

𝑘𝑧𝑑
𝜀𝑑
𝑘𝑧𝑚
𝜀𝑚

   = 𝑐𝑜𝑡h (
𝑘𝑧𝑚𝑡
2
)        (34) 

𝑘𝑧𝑑
𝜀𝑑
𝑘𝑧𝑚
𝜀𝑚

   = 𝑡𝑎𝑛h (
𝑘𝑧𝑚𝑡
2
)        (35) 

 

 

 

 

Figure 1.15 (a), Schematic illustrating a symmetric cladding dielectric/metal/dielectric system for metal 

thickness t < 𝛿𝑚𝑧, the interaction of SPP modes on both the interfaces resulting in a hybridized 

symmetric and asymmetric modes designated as LRSPP (red lines representing the symmetric electric 

field components along the z and x direction) and SRSPP modes (blue lines representing the asymmetric 

electric field components along the z and x direction). (b) FDTD simulations showing the enhanced EM 

near field on both the interfaces of an asymmetric (air) dielectric/(Au) metal/ (sapphire) dielectric system 

coupling to form hybridized SPP modes due to t < 𝛿𝑚𝑧.  

As the metal thickness t decreases below 𝛿𝑚𝑧 the exponential term 𝑒−2𝑘𝑚𝑧𝑡in equation 33 is 

taken into account and the SPP on both the interfaces couple to form hybridized higher 

frequency symmetric and lower frequency asymmetric modes based on the equation 34 and 35 

146,138,135.  

(b) (a) 
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         Subsequently, when analyzing the real structure of non-percolated ultrathin metal films 

which exhibits heterogeneous Au grain nucleation as 2D arrays. The inter-particle spacing S 

between the arrays decreases for increasing metal thickness t near to the percolation threshold 

fc. This causes the LSPR modes of individual particles to couple and hybridize148,149. These 

LSPR resonances modes of metal nano-grains and their interaction can be understood based on 

the theory of molecular hybridization150,151. These plasmon hybridization in metal nanoparticle 

arrays occur only when the inter-particle spacing S ≤ r. Subsequently, for S ≥ 𝜆𝐿𝑆𝑃𝑅 where 

𝜆𝐿𝑆𝑃𝑅 is the localized plasmon wavelength, their localized near field couple through diffraction 

to form hybridized plasmonic-photonic mode known as surface lattice resonance (SLR)152. The 

dependence of collective plasmonic resonance due to hybridization on the interparticle spacing 

S can be well understood from the Figure 1.16a153-155. showcasing the modification of 

absorption cross-section of MNP cluster for incremental increase of S.  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 1.16 (a), Absorption cross-section spectra of a nanoparticle cluster with N= 19 for increasing 

interparticle distance S, the diameter of individual MNP is 20 nm. (Adapted with permission153). (b), 

Hybridization model148 to explain the coupling of dipole modes in MNP dimer with d << λ, where λ is 

the incident field wavelength. (Adapted with permission148). (c), Polarization dependent scattering 

spectra of the dimer MNP discussed in Figure 1.6b. The red spectra depict the in-phase bonding mode 

(σ) at longitudinal polarization parallel to the dimer axis and black spectra represents the antibonding 

mode (π*) for transverse polarization perpendicular to the dimer axis. (Adapted with permission148). 

(a) 

(b) (c) 
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The exhibited trend of red shifting and intense absorption cross-section for decreasing S 

between the particles in the cluster is due to the interaction between the nearfields of the 

individual MNPs reducing their coulombic restoring force and shifts their resonance to lower 

frequencies. Whereas, the hybridization in ordered nanoparticle arrays can be understood 

through the molecular hybridization theory148,150, modelled on a simple symmetric nanoparticle 

pair (a dimer) under linearly polarized excitation as in Figure 1.16b. The LSPR modes 

(represented in this current section as ΨLSPR 1 and ΨLSPR 2) of the respective individual 

nanoparticles in the dimer model in Figure 1.16b., can form in-phase (ΨLSPR 1 + ΨLSPR 2) or out-

of-phase (ΨLSPR 1 - ΨLSPR 2) modes during hybridization based on the angle between linearly 

polarized excitation and dimer axis. For excitation polarization perpendicular to the dimer axis 

the out-of-phase combination reflects a bonding mode (π) and the in-phase combination an 

antibonding mode (π*) are excited. Whereas, for polarization parallel to the dimer axis the out-

of-phase combination reflects an antibonding mode (σ*) and the in-phase combination a 

bonding mode (σ). as in Figure.1.16b. Only the in-phase bonding mode (σ) at longitudinal 

polarization and the antibonding mode (π*) are optically excited and manifested in 

spectroscopic analysis as in Figure. 1.16c. This is due to the cancellation of oppositely oriented 

dipoles in the out-of-phase modes on symmetric nanoparticle dimer 148,150.      

                      Subsequently, when the number of nanoparticles Nnp increases along a uni-

direction as a one-dimensional array, the plasmon modes excited for polarizations parallel to 

the array axis is red shifted from the dimer resonance as a result of further reduced coulombic 

restoring force due to increase in interactions and coupling between the Nnp number of localized 

near-fields in the MNP array151,154. The plasmon resonance mode blue shifts for polarizations 

perpendicular to the 1-dimensional array axis due to the subsequent increase in the coulombic 

restoring force between the hybridizing nearfields of particles with a larger interparticle spacing 

S 156. Whereas, in ultra-thin films deposited on flat sapphire substrates exhibiting disorder due 

to the random heterogeneous nucleation of Au grains, an isotropic plasmonic effect is observed. 

These collective plasmon modes excited due to the coupling of LSPR dipole modes between 

adjacent MNPs, have enhanced near field enhancement and ultrasmall modal volumes, typically 

in the order based on the term √𝑟𝑆3, when compared to single nanoparticle λLSPR modal 

volume157. Subsequently, hybridization and their manifestation of higher order modes for 

increase number of MNPs in the array will be discussed in detailed when interpreting the optical 

properties on non-percolated metal films deposited on corrugated sapphire exhibiting 

nucleation of ordered 2-dimensional arrays in chapter 3. 

1.4. Ultrafast plasmon relaxation dynamics  

The excited plasmon modes on these ultrathin films with confined near-field Ep(λp) due to the 

polaritons can also be considered as a nano-optical resonator with the frequency of λp = ℏωp of 

the quantized collective oscillation of electrons, where the intensity in the optical resonator can 

be expressed by the parameter Q/V, Q is related to the lifetime of the plasmon (quality factor) 

and V the excited modal volume. For plasmon resonances excited on metals with permittivity 

ε(ω) described as: 

ε (ω) = εr' (ω) + iεr"(ω) = 1 - 
ω
𝑝2

𝜔2+ 𝑖𝛾𝜔−𝛽𝑑𝑘
2
        (36) 
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where, 𝑖𝛾𝜔 expresses the damping term where 𝛾 = 
2𝜋

𝜏
, and τ is the initial radiative relaxation time due 

to charge oscillations and the relaxation time of the non-radiative charge scattering.  

The group velocity 𝜈𝑔= 
𝜕𝜔

𝜕𝑘
 of the excited collective plasmons and phase velocity 𝜈𝑝= 

𝜔

𝑘
 of the 

individual electron (wave) component differs significantly. So additionally, a damping term 

𝛽𝑑𝑘
2 in equation 36. related to the collision-less Landau damping effect is included to consider 

the losses energy transfer between a single electron and collective electron oscillations 

(plasmon)158. This is known as plasmon dephasing due to the phase-velocity mismatch between 

the single electron and collective oscillation of plasmonic resonance in metals159. Apart from 

frequency dependent initial radiative damping on Au nanoparticle which decays quickly after 

irradiation and subsequent plasmon excitation, non-radiative damping mechanisms such as the 

above discussed Landau damping within the electron oscillations and its resulting cascade of 

collision-based electron-electron, electron-phonon and phonon-phonon scattering decays is also 

a cause for the broadening of the plasmon bandwidth Γ ≥ 100nm resulting in the decrease of 

radiative plasmon life time. 

The plasmon quality factor Q = 
𝜔𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒

𝛤
 , in energy units 𝛤 =  

2ħ

𝑇𝑑𝑝
 

 where 𝑇𝑑𝑝 is the plasmon dephasing time135. 

The different times scales of these phenomena of the excited plasmon’s decay, dephasing and 

its generated charge carrier’s relaxation dynamics are presented in Figure 1.17. It proceeds as 

initial photon absorption, where the driven oscillation of collective electrons quickly decays 

through radiative or Landau dephasing within a period ~10 femtoseconds (fs). This dephasing 

results in a generation of hot electrons initially described by a non-thermal distribution below 

the Fermi level. Subsequently after ~100-500 fs through non-radiative relaxation processes such 

as electron-electron scattering, the occupation thermalizes to a hot Fermi distribution. Further, 

after ~500 fs of laser irradiation the effective dielectric function of the metal/dielectric medium 

also corresponds to the hot Fermi distribution together with the real structure of the ultrathin 

film. Studies have reported simulations and calculation to determine the dielectric of the film 

by calculating the smearing at the Fermi edge160,158. 

 

Figure. 1.17. Ultrafast pulse photoexcitation and relaxation dynamics of MNP, showcasing the 

incidence of light pulses and photoexcitation of plasmon resonance, Landau damping based plasmon 

dephasing, collision-based electron-electron scattering, electron phonon interaction, phonon vibration 

and thermal dissipation of energy to the surroundings (ps = picosecond), (Adapted with permission160).  
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Within the next few picoseconds (ps) the generated thermalized electron distribution peaked 

around the Fermi level dissipates its thermal energy to the lattice via electron-phonon 

interactions to attain equilibrium. Finally, the confined region in the vicinity of the metal surface 

acquires an increase in local temperature due to the phonon-phonon scattering processes. Here 

importantly, the temporal dynamics of the radiative decay of the excited plasmon modes on the 

ultrathin films, should be particularly investigated for designing the real structure of the 

ultrathin films for improving “surface enhanced spectroscopy” applications. Transient 

absorption spectroscopy (TAS) based on pump-probe configuration can provide 

complementary information on both the radiative and non-radiative plasmon mode decay 

dynamics. However, given the picosecond temporal resolution of the optical pulse delay system 

used in this study. The measurements are limited to picosecond time delays. Therefore, time 

resolved absorption experiments in this study are performed to investigate the temporally 

delayed non-radiative decay of the excited charge carriers in the picosecond regimes.  

1.4. Surface enhanced Raman scattering (SERS) sensing 

Surface enhanced Raman scattering is the phenomena which enhances the weakly scattered in-

elastic Raman signals of analytes on metals surfaces. As discussed in the previous sections the 

excitation of plasmon polaritons with enhanced EM nearfield enhances the scattering of 

molecules present within the vicinity of the enhanced near-field. The theoretical concepts for 

understanding the phenomena of Raman scattering and SERS is discussed and presented. 

1.4.1.  Raman scattering effect 

Raman effect is a non-linear scattering phenomenon which allows to observe vibrational states 

of matter. It involves in the excitation of optical phonons, when the incident light is absorbed 

initially this creates a virtual electronic state (polarizing electrons) - which subsequently 

interacts with elementary phononic vibrations in the investigated material. As these excited 

vibrational modes are quantized, they emit a scattered photon during its relaxation with spectral 

lines of discrete energy161. These Raman scattered photons differ in energy from the incident 

photon, as the excited vibrational state relaxes to a lower or higher vibrational state than its 

original state. This change in the energy corresponds to the intrinsic frequency of the 

investigated materials phononic vibrations, and serves as an important tool in the field of 

spectroscopy and in analytical chemistry161,162. Apart from the fraction of light scattered from 

matter when compared to absorption and reflection, only 1 in 1 million photons are in-

elastically scattered62. Scattering processes are dominated by elastically scattered photons know 

as Rayleigh scattering which is ~107 times more intense when compared to the in-elastic 

Raman scattering effect. Figure 1.18a. shows the energy level Jablonski diagram depicting the 

energy changes involved in the Rayleigh and Raman scattering process. Raman scattered 

photons are known as stokes shifted photons when the excited vibrational state relaxes down to 

a higher energy vibrational state than its original state as depicted in Figure 1.18b. 

Subsequently, when an excited vibrational state in a higher energy state relaxes to a lower 

energy state than its original state the photon scattering with an increased energy are known as 

anti-stokes scattering163. The Stokes scattering phenomena is the commonly observed method 

to analyze the fingerprint vibration of investigated material as they are dominant in room 

temperature measurements suitable for bio-chemical analysis. This also serves as a 
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complimentary to IR spectroscopy due to its ability to analyze diluted solutions and IR inactive 

vibrational modes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 1.18.(a) Jablonski energy level diagrams for the phenomena’s during light-molecule interaction 

such as absorption, Rayleigh scattering, stokes and anti-stokes Raman scattering processes (Adapted 

with permission163). (b) shows the simple schematics of the Raman and Rayleigh scattering processes. 

In contrary to absorption-based IR spectroscopy, the weak Raman scattering is based on certain 

surface selection rules. Here, I present the theoretical background for the condition for Raman 

scattering process in a molecule to occur. Under Raman laser excitation the electron cloud and 

the nuclei in the molecules are polarized and a dipole moment is induced in the molecule to 

excite it to a virtual state. The size of the induced moment p by the incident field is dependent 

on the polarizability tensor α of the molecule as in equation 37161.  

p = αE      (37)  

where α is the molecule’s polarizability 

The incident electric field magnitude can be given as: 

(b) 

(a) 
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E = 𝐸𝑒𝑥𝑐  cos(2πνₒ𝑡𝑖)       (38) 

where 𝑡𝑖 is time in this section 

So, p = α 𝐸𝑒𝑥𝑐  cos(2πνₒ𝑡𝑖)        (39) 

Thus, the polarizability α of the molecule changes as the induced dipole moment p oscillates in 

phase based on the incident field E and subsequently influencing the geometry of the molecule. 

Further, expanding the polarizability α in equation 40 as a Taylor series in a coordinate  
𝑟𝑝 about its initial equilibrium coordinate (rₒ): 

α = αₒ (
 ∂α

∂𝑟𝑝
)
𝑟

(𝑟𝑝 − 𝑟 ) +      (40) 

Now,  can be expanded in terms of the vibrational displacement coordinate of the ith normal 

mode. which is 

𝑞𝑖 = 𝑞𝑖
ₒ
 cos(2π𝜈𝑖𝑡𝑖)        (41) 

where, 𝜈𝑖 is the frequency of the normal mode i 

p(ti) = α 𝐸𝑒𝑥𝑐cos(2πνₒ𝑡𝑖) + 
1

2
(
 ∂α

∂qi
)𝐸𝑒𝑥𝑐𝑞𝑖

ₒ
 [cos (2π (νₒ - 𝜈𝑖) 𝑡𝑖) + (cos (2π (νₒ + 𝜈𝑖) 𝑡𝑖)]   (42) 

The first term in this equation 42. is related to the Raleigh scattering, the second and third term 

represents the anti-stokes and stokes frequencies161,162. Further, the scattered intensity of the 

Raman signal is proportional to the derivative of the polarizability squared as: 

𝐼𝑅𝑎𝑚𝑎𝑛 𝑠𝑡𝑜𝑘𝑒𝑠 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 ∝ |P. 𝐸𝑒𝑥𝑐| 
2 =  | (

 ∂α

∂qi
)
o

| 2 𝐼𝑒𝑥𝑐
2         (43) 

Thus, as the polarizability tensor α changes for any of the excited vibrational or rotational state, 

then Raman scattering occurs and the vibrational mode is set to be Raman active161,164. 

1.4.2.  Polarizability tensor 

Although for non-isotropic molecules like thiophenol as used in this thesis, the polarizability 

tensor α is not scalar and can be written as a second rank tensor matrix67,114 as in equation 44. 

(

px
py
pz
)=   (

𝛼𝑥𝑥 𝛼𝑥𝑦 𝛼𝑥𝑧
𝛼𝑦𝑥 𝛼𝑦𝑦 𝛼𝑦𝑧
𝛼𝑧𝑥 𝛼𝑧𝑦 𝛼𝑧𝑧

)    ( 

Ex
Ey
Ez

)        (44) 

As 𝛼𝑥𝑦 represents the polarizability of the molecule, where the dipole moment is induced in the 

x direction due to the incident electric field polarized along the y direction. These nine 

coefficients in equation 44. are the components of the polarizability tensor α and they become 

𝛼𝑥𝑦 = 𝛼𝑦𝑥, 𝛼𝑧𝑥 = 𝛼𝑥𝑧 , 𝛼𝑦𝑧 = 𝛼𝑧𝑦 into six independent coefficients which define an 

ellipsoid165,166 as in equation 45. 

𝛼𝑥𝑦𝑥
2 + 𝛼𝑦𝑦𝑦

2 + 𝛼𝑧𝑧𝑧
2 + 2𝛼𝑥𝑦𝑥𝑦 + 2𝛼𝑦𝑧𝑦𝑧 + 2𝛼𝑧𝑥𝑧𝑥 = 1         (45) 
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1.4.3.  Electromagnetic (EM) near-field mechanism of SERS 

Here, the theoretical background for the Raman enhancement occurring due to the enhanced 

EM nearfield in metal surfaces is presented. The case of a spherical nanoparticle with d << λ 

is used to derive the relationship between its enhanced near-field and the subsequent Raman 

enhancement for molecules present in the vicinity of this field. The Laplace electrostatic 

equations replace the electrodynamics calculations in the quasi-static approach as d << λ. 

From equation 16. the polarization induced electric field in the surface of the nanoparticle with 

d << λ is given by: 

σp = 3εₒ g 𝐸𝑒𝑥𝑐 cos θ      (46) 

where the collective resonance-based dipole enhancement factor g = 
𝜀𝑚− 𝜀𝑑

𝜀𝑚+ 2𝜀𝑑
 . 

The maximum enhancement of LSPR resonance occurs when g becomes large as discussed in 

section 1.4.2. The intensity of the nearfield 𝐸𝑝
2 at the surface of metal is very large, when the 

value of the factor g from equation 46. becomes very large exciting a plasmon mode71,164. It can 

be expressed as in the equation 47. 

 𝐸𝑝
2 = 𝐸𝑒𝑥𝑐

2 |g|2 (1+3cos2θ)       (47) 

 where θ is the angle between the incident electric field and the vector s denoting the position of the 

molecule located on the sphere surface. 

 

 

 

 

 

 

 

 

Figure.1.19 (a) Schematic depicting the position of analyte on the MNP surface, s is the radial distance 

of the molecule and r is the radius of the MNP71. (b) FDTD simulations exhibiting the EM nearfield 

interaction and hybridization in Au grains arrays system with S ≤ r reflecting the real structure of the 

fabricated non-percolated ultrathin Au film on corrugated sapphire templates. The EM nearfield 

represents the excited collective plasmon polariton mode with a distributed plasmonic hotspots. 

Based on the equation 47 the largest field intensity is enhanced for θ = 0 ֯ and 180 ֯. Subsequently, 

the incident electric field Eexc(λexc) is enhanced maximum by the factor g as Ep(λexc) as in 

equation 48, note: maximum enhancement occurs when λexc = λp. 

Ep(λexc) = g Eexc(λexc)      (48) 

(a) (b) 
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For a Raman analyte molecule present at the surface of the nanoparticle with a radial distance 

s ≈ r, where, r is the radius of the nanoparticle as in Figure.1.19a. the enhanced field Ep(λexc) 

on the surface polarizes the molecule and it emits a Raman scattered photon Estokes(λstokes) at a 

different wavelength66,68 based on equation 49. 

Estokes(λstokes) ∝ α Ep(λexc) ∝ α g Eexc(λexc)   (49) 

This scattered field Estokes(λstokes) can be again enhanced by the EM near-field Ep(λstokes) with 

a different magnification factor 𝑔𝑠 within the surface of the nanoparticle and will differ from 

the factor g based on the FWHM of the excited plasmon mode λp. 

This gives the total Raman stokes enhancement of a molecule present in the vicinity of the 

enhanced EM nearfield68 as: 

𝐼𝑅𝑎𝑚𝑎𝑛 𝑠𝑡𝑜𝑘𝑒𝑠∝ |α |2 |g gs|2 Iexc(λexc)     (50) 

And can also be written as: 

𝐼𝑅𝑎𝑚𝑎𝑛 𝑠𝑡𝑜𝑘𝑒𝑠 = 
|𝐸𝑠𝑡𝑜𝑘𝑒𝑠(𝜆𝑠𝑡𝑜𝑘𝑒𝑠) |

2 |𝐸𝑝(𝜆𝑒𝑥𝑐)|
2

|𝐸𝑝(𝜆𝑠𝑡𝑜𝑘𝑒𝑠)|
2
 |𝐸𝑒𝑥𝑐(𝜆𝑒𝑥𝑐)|2

 ,   (51) 

This is known as the |𝐸|4 model of SERS enhancement71,167 

So, SERS scattering process will depend on both: the near-fields enhanced at Ep(λexc), which 

polarizes and excites the Raman vibrations, and Ep(λStokes), which simultaneously enhances its 

Stokes-shifted radiation.   

          Similarly, in the case of analyzing the real structure of non-percolated Au films exhibiting 

2d-MNP arrays with interparticle separation S ≤ r. The excited plasmon modes become 

hybridized into collective near-fields. These collective modes are more suitable for SERS when 

compared to single particle LSPR modes, as the near-field couplings between the neighboring 

particles dominate and scale with the characteristic S–3 dependence157. When the interparticle 

gaps become as small as S ≤ r, each MNP has a neighboring particle which can support a 

comparable near-field Ep(λp). The region where the confined near-fields of the two particles 

overlap produces an enormous near-field amplification known as a “plasmonic hotspot” - as 

illustrated in Figure 1.19b. These plasmonic hotspots (collective plasmon-polariton modes 

with modified near field as Ep′(λp′)) can facilitate higher absolute SERS enhancement as 

compared to a single-particle LSPR mode with Ep(λp) while also exhibiting a broader resonance 

peak66,71. This may improve the feasibility of SERS sensing of analytes belonging to the same 

chemical group168,169, as they emit very similar λStokes positions for most of their Raman 

vibration modes. So in this case, the fields Ep(λp) and EStokes(λStokes) are further enhanced by a 

factor g′ and gs′ becoming Ep′(λp′) and EStokes‘(λStokes) as in equation 52.  

EStokes‘(λStokes) ∝ α Ep’(λp’)       (52) 

Note: when performing SERS measurement on non-percolated metal films exhibiting Au grain 

arrays as in equation 52. Here, the λp position of the individual MNPs plasmon resonance can 

change to another position as λp′ of the collective plasmon resonance. 
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The performed experimental measurements investigates and studies the dependence of both the 

field enhancements Ep at λexc and Ep at λStokes, their spatial and temporal influences on the SERS 

response thus validating the EM nearfield mechanism of SERS. Further the absolute 

enhancements due to both localized and delocalized plasmon modes excited on these ultrathin 

Au films are also reported 
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2.Experimental methods 

In following section experimental sample fabrication and characterization techniques used in 

this thesis will be discussed. Apart from short theoretical descriptions, information about the 

experimental details and characterization parameters will be presented.  

Template assisted deposition of ultrathin metal films were utilized to fabricate self-assembling 

anisotropic plasmonic structures in this work. Fabrication of these anisotropic structures as 

percolated and non-percolated Au films, and its characterization by 1. Atomic force microscope 

(AFM), 2. Ellipsometer, 3. UV-vis spectrometer, and 4. micro-Raman measurements were 

conducted in the research facilities provided in the Nano-Biomedical center of Adam 

Mickiewicz University in Poznan, Poland. 5. Transient optical spectroscopy measurements 

were conducted in the Institute of material science, Kaunas University of Technology, 

Lithuania. EM simulation was performed together with the M-ERANET project partners and 

co-authors from the Faculty of Physics, Adam Mickiewicz University. 

2.1. Fabrication of anisotropic ultrathin Au films 

2.1.1. Surface reconstruction of Al2O3 templates 

Spontaneous reconstruction of unstable single crystal surfaces is a technique that can be used 

to fabricate anisotropic templates for ultrathin film deposition. This is due to single crystal 

surfaces with a miscut along its equilibrium plane becomes intrinsically unstable as a result of 

its crystallographic anisotropy97 see Figure 2.1a.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 (a) Different facets of equilibrium α-sapphire in the order of increasing surface energy C 

{0001}, R {11̅02}, S {1̅011}, P {1123}, A {1120}, and M {101̅0}, where the M plane is unstable to be 

observed (Adapted with permission97). (b) Atomic surface depiction of the miscut along the M-plane of 

(a) 

(b) (c) 
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the α sapphire. (c)  Atomic surface depiction of the decomposition of the unstable M-Plane into stable 

corrugated facets of R and S plane.  

 

Thus, when annealed in high temperature the unstable M plane surface as in Figure 2.1b. 

decomposes, by rearranging into stable facets in order to minimize its total surface energy97,170 

see Figure 2.1c. In this study, polished sapphire (α-Al2O3) single crystals with a < 0,1̊ miscut 

along the M-plane [101̅0] were commercially purchased from CrysTec GmBH and utilized as 

templates. These surfaces with an extremely unstable singular surface as they are cut along a 

low index plane see (Figure 2.1a.) results in S\R faceted planes with V grooves upon high 

temperature annealing170,171. A carbolite high-temperature chamber furnace was used to treat 

the substrates at operating temperatures up to 1700°C. Depending on the annealing time 

(between 12 and 24h) and temperature (1450 to 1550°C), the period of naturally forming 

corrugations varied as in Table 2.1 

Table 2.1. Structural dimensions of the fabricated corrugated templates. 
 

 

 

 

 

 

 

 

 

 

Figure 2.2. Graph illustrating the range of corrugation periods with their respective heights fabricated 

by utilizing the method of surface reconstruction of M-plane sapphire wafers. (blue error bars indicate 

the range of distribution of heights) and (red error bars indicate the range of distribution of corrugation 

periods P). 

Such periodic surface facets extending all over the (2x2cm) commercially purchased wafer can 

be viewed as sophisticated optical surfaces which are difficult to fabricate in a mechanically 

hard substrate such as sapphire. The evolution of this surface reconstruction phases proceeds 

as: (a) surface smoothening, (b) nucleation of individual facets, (c) interaction between facets 

to form facet domains, (d) coalescence of facet domains and (e) facet coarsening as reported by 

Gabai.et al 97 and Erb et al 171. In this study, particularly the spontaneous reconstruction process 

Template 

name 

T1 T2 T3 T 4 T 5 T 6 T 7 T 8 T 9 

Corrugation 

period 

Flat 30 ± 5 

nm 

70 ± 8 

nm 

150 ± 

25 nm 

170 ± 

25 nm 

240 ± 

25 nm 

270 ± 

25 nm 

290 ± 

25 nm 

450 ± 

30 nm 

Corrugation 

height 

Flat 2 ± 1 

nm 

8 ± 2 

nm 

18 ± 5 

nm 

19 ± 5 

nm 

25 ± 5 

nm 

25 ± 5 

nm 

30 ± 5 

nm 

35 ± 

10 nm 
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in the phase of coarsening was optimized to fabricate corrugated templates with different 

periods as shown in Figure 2.3. 

           The uniformity of corrugated structures decreased for larger value of corrugation period 

as in Figure 2.2 due to the high degree of node misalignment during facet merging to form 

larger corrugation periods, as a result of this the shorter corrugation periods formed at a short 

annealing time and a constant temperature exhibited the most uniformly corrugated 

structures170.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. AFM topography of: (a) surface reconstruction of M-plane sapphire during the phase of 

coarsening, with a period of P ~ 170 nm, (b) Template with an increase in corrugation period to P~ 

290nm as a result of the motion and elimination of facet junctions in smaller corrugation period, (c) 

Templates at longer annealing time resulting in an increase in the value of standard deviation δ of an 

averaged corrugation period P, (d, e, f). exhibiting their respective AFM line profiles (x) axis = width 

and (y) axis = height)217. 

Further, surface corrugations with periods as small as ~130nm were fabricated by this method. 

When utilizing double side polished sapphire wafers and subjecting it to high temperature 

annealing process, the corrugated surface reconstructions formed on both sides of the M-plane 

[101̅0] wafer surface. On one side of the double-side-polished templates corrugation period of 

value P ≅ 30 nm was observed as its wafer surface was exposed towards the air, while larger 

(a)  

(c)  

(b)  (e)  

(d)  

(f)  
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corrugation periods with P ≅ 150 nm were observed on the opposite side of the wafer lying on 

the Carbolite oven sample stage (see Figure 2.4.). These formation of corrugations with 

different periods is presumably due to the temperature gradient between both the surface of the 

double side polished sapphire wafers facing the sample stage and ambient atmosphere. Finally, 

the fabricated corrugated substrates with different periods were used as templates for plasmonic 

metal deposition. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Schematic in the center depicting the formation of corrugations with different periods on 

both sides of the double side polished M-plane [101̅0]wafers. (AFM images of the corresponding 

reconstructed templates with periods P ~ 30nm on the side lying on the Carbolite oven sample stage and 

the exposed side with P ~ 150nm)218. 

2.1.2. Ultrathin Au metal deposition 

The electron beam evaporation method operating at ultrahigh vacuum condition ~10-10 mbar 

was chosen in this study, particularly due to its low external contamination rate during metal 

depositions as required for optical grade plasmonic applications, as well as reliability in 

controlling the deposition rate, which influences the structural morphology of the deposited 

ultrathin film. In principle, an electron beam generated by thermionic emission is focused on to 

a crucible containing the target Au metal. Subsequently, the Au metal atoms in the target is 

transformed through evaporation into a vapour phase and precipitate on to the templates to form 

ultrathin metal films. The rate of deposition is precisely determined by the type of target 

material and the electron beam power. This is due to the conversion of the electron beams high 

kinetic energy into thermal energy during its bombardment and contact with Au surface atoms 

on the target, this subsequently dissipates the Au atoms to evaporate and deposit onto the sample 

(see Figure 2.5a). 

Shorter 
corrugation 
period 
(P~30nm) 

Larger 
corrugation 
period 
(P~150nm) 
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Figure 2.5. (a) Schematics depicting of an electron beam evaporation system operating under ultrahigh 

vacuum condition, the electron beam is focused by a magnetic coil onto the Au target (ξ is the oblique 

angle due to the electron beam cone). (b) Photographic image portraying the electron beam evaporation 

system operating under UHV in the Nano-Biomedical Centre in UAM, Poznan. 

In this study a (Telemark/PREVAC) system operating under ultra-high vacuum (UHV) 

conditions (~10-10 mbar) was used to deposit Au layers of different thickness (t = 2,4,6,7,8,9 

and 10 nm) from a sapphire crucible containing Au target material. The samples were deposited 

in a very low deposition rates of 10 Å / hour and 79 Å / hour onto the flat and reconstructed 

templates as in (Table 2.2) for non-percolated and near-percolating films, and in (Table 2.3) for 

percolated Au films.  

Table 2.2 Structural parameters of the fabricated plasmonic samples after deposition of non-

percolated and near percolated Au films 

 

Sample name Sa1 

 

Sa2 

 

Sa3 

 

Sa4 Sa5 Sa6 Sa7 Sa8 Sa9 Sa10 Sa11 Sa12 Sa13 Sa14 Sa15 Sa16 Sa17 Sa18 

(P) corrugation 
period [nm] 

flat 30 ± 
5  

30 ± 5  70 ± 
8  

150 
± 25  

150 
± 25  

150 
± 25  

240 
± 25  

240 
± 25  

290 
± 25  

290 
± 25  

290 
± 25  

290 
± 25  

290 
± 25  

290 
± 25  

290 
± 25  

290 
± 25  

70 ± 
25  

(h) Corrugation 
height [nm] 

flat 2 ± 
1  

2 ± 1  8 ± 
2  

18 ± 
5  

18 ± 
5  

18 ± 
5  

25 ± 
5  

25 ± 
5  

30 ± 
5  

30 ± 
5  

30 ± 
5  

30 ± 
5  

30 ± 
5  

30 ± 
5  

30 ± 
5  

30 ± 
5  

8 ± 2  

(t) Au thickness 
[nm] 

~6  ~6  ~7  ~8  ~6  ~8  ~10  ~10  ~8  ~10  ~2  ~4  ~6  ~7  ~8  ~9  ~10  ~7  

(d) Au grain 
Diameter (nm) 

27 ± 
2  

27 ± 
2  

Elliptical 
grain    33 ± 2 
nm in y axis, 
24± 2 nm in x 

axis. 

60 ± 
5  

27 ± 
2  

65 ± 
5  

- - 65 ± 
5  

- 25 ± 
5  

25 ± 
5  

27 ± 
5  

30 ± 
5  

- - - 30 ± 
5  

Au deposition 
rate (Å / hour) 

10  10  10 (Å / hour) 
slightly off -

normal 
deposition 

79 10 79 10 10 79 10 10 10 10 10 10 10 10 10 
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Table 2.3 Structural parameters of the fabricated plasmonic samples after deposition of 

percolated Au 

Sample name (SaP1) 

 

(SaP2) 

 

(SaP3) 

 

(SaP4) 

 

(P) corrugation period [nm] flat 170 ± 25 nm 290 ± 25 nm 450 ± 30 nm 

(h) Corrugation height [nm] flat 19 ± 5 nm 30 ± 5 nm 35 ± 10 nm 

(t) Au thickness [nm] 10 nm Au 10 nm Au 10 nm Au 10 nm Au 

Au deposition rate (Å / hour) 79 79 79 79 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Simple schematics depicting formation of (a) non-percolated (for t < 10nm) and (b) 

percolated (for t ~ 10nm) Au films on corrugated sapphire templates at ultra-high vacuum conditions 

(~1010 mbar), (c) Depicts the post annealing process for improving the film connectivity of the deposited 

percolated ultrathin film. 

Further, during the deposition of percolated ultrathin Au films onto the templates for samples 

SaP1,2,3 and 4. in Table 2.3. before the Au deposition process, all samples were outgassed at a 

temperature of 550◦C for 1 hour. And subsequently, after the deposition, the samples were 

annealed again at 300◦C for 20 min. The degassing, deposition and annealing were performed 

to facilitate percolation and improve the interparticle connectivity of the deposited ultrathin 

film at the deposition rate of (79 Å/hour) see Figure 2.6. (This method is discussed in detailed 
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in Chapter 4.1). The non-percolated Au films were obtained when depositing Au films with 

thickness below 10 nm as for the samples in Table 2.2.  

2.1.3. Analyte molecules chemisorption 

A simple organic molecule (thio-phenol) was chosen as the analyte in this study. The thio-

phenol molecules chemisorb onto the Au surface forming a layer of phenyl thiolates across the 

sample due to the formation of Sulphur S - Au bonds172 as in Figure 2.7b. Thus, providing a 

feasibility to study the long-ranged SERS sensing capability of the substrates through SERS 

mapping measurements. Moreover, these non-isotropic molecules such as phenyl-thiolates with 

a C2V symmetry67,113 on a substrate exhibit Raman spectra with relative peak intensities 

dependent on its Raman polarizability tensor α. This is advantageous for the experimental 

objective to study specific molecular vibrations –polariton interactions and verify the EM near-

field mechanism of SERS enhancement. The performed experimental analysis was used to 

predict the orientation of the chemisorbed molecules on these plasmonic surfaces as these 

organo-thiols has promising applicative relevance in chemical sensing, and as lubricating and 

capping agents. The fabricated samples were immersed in a solution of 99.8 % thiophenol 

(purchased from Alfa Aeasar) and dissolved in 99.8 % ethanol (POCH) (1:50 vol). After 10 

min at room temperature the samples were removed from the solution and immersed in pure 

ethanol to remove un-bonded thio-phenol molecules. The whole process was repeated multiple 

times to form a layer of phenyl-thiolate molecules bonded to the Au surface. 

 

 

 

 

 

 

 

 

Figure 2.7. (a), Image of 99% thio-phenol solution commercially purchased from Alfa Aesar (b), 

Schematic depicting the chemisorption of thiophenol molecule onto the Au surface forming a layer of 

phenyl thiolate analyte layer suitable to characterize long ranged surface sensing capabilities of the 

fabricated plasmonic substrates. 

2.2. Characterization, measurement and simulation techniques 

2.1.1. Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a commonly used microscopic technique with 

demonstrated resolution on the order of fractions of a nanometre, Which makes this 

characterization technique better in resolution than tradition optical microscopy. It is used in 

this study to analyse the topography of the fabricated subwavelength plasmonic nanostructures. 

(a) 

(b) 

https://en.wikipedia.org/wiki/Nanometer
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AFMs use a laser beam deflection system where the illuminated laser beam is reflected from 

an AFM cantilever with a tip. As the tip in the cantilever oscillates due to the tip–sample’s 

attractive and repulsive interactions the modulations in the reflected beam are detected by a 

position-sensitive detector as exhibited in Figure 2.8a. The sharp tip is raster-scanned over the 

subwavelength plasmonic surface which measures the constant interaction forces using a 

feedback loop maintaining the constancy of the AFM lever deflection. By adjusting the 

parameters of the feedback loop the AFM can effectively track the tip–sample interaction, 

allowing the surface topography to be imaged accurately. A Bruker Dimension Icon atomic 

force microscope (AFM) as portrayed in Figure 2.8b. operating in soft tapping mode was used 

in this study. A micro fabricated SiN3 tip model: FESP with parameters as shown in the image 

in Figure 2.8c. was particularly suitable and used to analyse these fabricated ultrathin films, 

where 10 × 10 μm2 scans were performed at different locations onto the sample.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. (a) Schematic illustration of working of an atomic force microscope (Adapted with 

permission216) (b) Photographic image of a FESP tip container (with tip parameters) which was suitable 

and particularly used to image the topography of the non-percolated and percolated Au films. (c) 

Photographic image of the Bruker Dimension Icon atomic force microscope AFM utilized for the 

topographical analysis. 

2.1.3. Ultraviolet-visible (UV-vis) spectroscopy 

The Ultraviolet-visible-near-infrared spectroscopy (UV-Vis-NIR) refers to absorption or 

transmission spectroscopy performed within the ultraviolet-visible -NIR spectral region. This 

is the primary spectroscopic method to characterize the plasmon polariton modes excited in 

noble metals such as Au, Ag and Pt. Polarized transmission spectroscopy were particularly 

performed at normal incidence angle using a Perkin Elmer UV-visible spectrometer onto the 

fabricated anisotropic plasmonic samples. The examined samples were rotated to adjust the 

azimuthal angles as σ = 0 ̊, 45 ̊ and 90̊ (σ - an azimuthal angle between excitation polarization 

(a) 

(b) 

(c) 
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and the corrugation vector). A rotating polarizer was used to optimize the polarization of the 

incident light onto the samples as in the Figure 2.9. 

 

 

 

 

 

 

 

Figure 2.9. Schematic of construction of a UV- visible spectrophotometer. A rotating polarizer was 

integrated with the spectrometer to measure polarized transmission spectra. 

2.1.4. Ellipsometry 

 Ellipsometry is a technique particularly used to characterize the dielectric properties of thin 

films including metals and semiconductors. In this study it is used to measure p and s polarized 

components of reflected light from the examined anisotropic plasmonic samples.                         

 

 

 

 

 

Figure 2.10a, Schematic of construction of an ellipsometer used for measuring the s-plane and p-plane 

polarization components from the anisotropic samples. (Adapted with permission173). b, Photographic 

image of the SENTECH SER800 Ellipsometer in the Nano-Biomedical Centre, UAM. 

A SENTECH GmbH SER800 Ellipsometer operating at an oblique incidence angle θ=50 ̊ was 

used to collect the ratio of complex amplitude and phase shift of s-plane and p-plane polarized 

components, of the reflected light. The complex reflectance ratio174,175 is based on the equation 

53. as: 
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ρ = 
𝑟𝑠

𝑟𝑝
 = tan ψ 𝑒𝑖𝛥   (53) 

The schematics of the instrumentation of an ellipsometer is presented in Figure 2.10. Where, rs 

and rp are the ratios of the complex amplitude of s and p polarized components before and after 

reflection on the sample. Similarly, tanΨ is the ratio of amplitude and ∆ represents the phase 

shift of the reflected light with respect to the incident light in this section174. All spectra were 

normalized to a reference signal collected from a 99.99% reflecting mirror. The samples were 

rotated for every σ = 20° (σ - an azimuthal angle between excitation polarization and the spatial 

corrugation vector kx spatial corrugation) over the spectral regime of 400–1050 nm with a scanning 

interval of 1 nm. 

2.1.5. Transient absorption spectroscopy 

Transient absorption spectroscopy (TAS) is a pump probe setup-based spectroscopy, which can 

be used to analyze the relaxation processes of a short photo pulse induced excited states of a 

system.  

 

 

 

 

 

 

 

 

 

 

Figure 2.11a, Schematic of the optical alignment in a transient absorption spectrometer based on pump 

probe measurements and b, Photographic image of the of the pump-probe setup assembled to measure 

transient absorption measurements in reflectance configuration. 

In contrast to steady state optical measurements which measures the average optical response 

of the investigated system over time, TAS measures the optical spectra of the excited state as a 

function of ultrashort time delay capturing the dynamic processes of short-lived excited states. 

An ultra-short pump pulse at a desired wavelength is illuminated on the sample exciting photo 

(a) 

(b) 
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generated excited states in the system. Subsequently a probe pulse usually as a white light 

continuum is illuminated at very short delay time (pico-seconds) to probe the excited state176,177 

as depicted in the Figure.2.11a.  

          Here, polarized-TAS measurements were performed on the fabricated ultrathin 

anisotropic plasmonic samples to investigate the life time and relaxation processes of the 

excited non-radiative modes and their anisotropic responce. The performed polarized-TAS 

analysis combined with steady state absorption and scattering spectra can provide 

understanding on deconvolution of radiative and non-radiative plasmon damping pathways on 

plasmonic structures. Although temporally delayed non-radiative decay pathways in the 

picosecond regime is examined here on the fabricated samples, attosecond -femtosecond pulse 

and delay configurations can facilitate to investigate-ways to prolong radiative decay processes 

and increase the plasmon life time for efficient SERS. A Transient absorption spectrometer 

HARPIA (Light Conversion, LT) system was utilized to excite a pump pulse with a life time of 

290 femto-seconds and 1030 nm in wavelength. The wavelength of the pump pulse was 

optimized and tuned as 450,650 and 800nm utilizing a collinear optical parametric generator 

Orpheus and harmonic generator Lyra (Light Conversion, LT). Subsequently a white light super 

continuum probe pulse was generated when the fundamental 1030nm laser was illuminated 

onto a 2 mm thickness sapphire plate. Both the supercontinuum pulse and the detection range 

of the absorption spectrometer dynamics was from 476 to 782nm in wavelength. The delay time 

between the pump and probe beam was optimized from 1 pico-second to 100 pico-seconds. The 

measured spectral absorbance varies temporally and is measured at different delays between 

the pump and the probe pulse. The measured transmitted intensity for the probe pulse through 

the sample is given as 𝐼1(𝜆, 𝑡𝑑), where 𝑡𝑑 is the delay time.  

𝐼1(𝜆, 𝑡𝑑) = 𝐼𝑜(𝜆) ∗  10−𝐴(𝜆,𝑡𝑑)        (53.1) 

𝐼𝑜(𝜆) is the intensity of the probe pulse initially and 𝐴(𝜆, 𝑡𝑑) is the absorbance spectra of the 

sample at the respective temporal delays. The measured transient measurements can be 

expressed in unit of optical density (OD). 

ΔOD (𝜆, 𝑡𝑑) = A(𝜆, 𝑡𝑑)- A(𝜆, 𝑡𝑜) = =  𝑙𝑜𝑔10  
𝐼1(𝜆,𝑡𝑜)

𝐼1(𝜆,𝑡𝑑)
        (53.2) 

Further, the samples were rotated for σ = 0° and 90° (σ - an azimuthal angle between excitation 

pump polarization and the spatial corrugation vector of the template), subsequently the 

polarization of the probe pulse onto the sample was adjusted parallel to the polarization of the 

pump pulse during measurements.  

2.1.6. Raman spectroscopy 

The non-linear Raman scattering spectroscopy as discussed in the introduction were performed 

using a commercial Renishaw in-Via micro-Raman system operating at excitation wavelengths 

exc= 633 and 785 nm plane-polarized laser. Both polarized and wavelength scanned micro-
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Raman spectra were collected through a 0.7 N.A microscopic objective within an aperture angle 

of 50◦ as shown in Figure 2.12a. At λexc= 785 nm the laser power was 21 mW, 4 accumulations 

with 1 s exposure time scans were collected. Subsequently, at λexc = 633 nm the laser power 

was 1.6 mW, where 6 accumulations with 4s exposure time scans were collected.  

               A spectral resolution of about 1 cm− 1 was achieved using a 1200 and 1800 l/mm 

grating for the respective laser wavelengths. A STANDA 050097 rotational step motor stage 

was used to perform polarized SERS measurement as in photographic image presented in 

Figure 2.12b. for an azimuthal angle σ determined between the laser polarization and the 

corrugation vector as depicted in Figure 2.12c. with a step of either Δσ = 2.5°, Δσ = 5° or 20°, 

from σ = 0° to180° based on the type of the examined plasmonic sample. SERS mapping spectra 

were collected at λexc = 633 and 785 nm by scanning the laser spot for a step of every 1 and 3 

μm to check the large-scale uniformity of SERS signal on the fabricated plasmonic samples. 

 

 

 

 

 

 

 

 

 

 

Figure 2.12a, Illustration of the performed polarized SERS measurement for the azimuthal angles σ, 

inset image depicting the aperture angle of 50 ֯ incidence due to the high numerical aperture N.A = 0.7 

of the microscopic-objective utilized in the study. b, Photographic image portraying the rotational stage 

fixed to collect the backscattered Raman scattering signals from the sample. c, Schematics the azimuthal 

angle σ determined between the laser polarization and the spatial corrugation vector. 

2.1.7. Simulations techniques 

                    To model the optical properties of percolated Au on to the corrugated samples, we 

used the optical constants described by Rosenblatt et al142 for an 11-nm thick Au film. The 

optical constants of sapphire described by Palik178,179 were used to model the corrugated 
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sapphire template. The Au/Al2O3 corrugated plasmonic structure was drawn in an EM solver 

(Lumerical Solutions), subsequently a conformal 10 nm thick Au film was placed isotropically 

onto the corrugated sapphire surface. The simulations were conducted utilizing the periodic 

boundary conditions that the sample was excited with a TM polarized plane wave (PW) at angle 

of incidence θ = 0◦ and 50◦. The plane wave source exhibited a bandwidth (FWHM = 0.5 nm) 

to collect spectra with precision calculation and minimal substrate dispersion effects. The 

electric field intensity (|E|2) was obtained by taking the square magnitude of the electric field 

vector in 3D space (i.e. |Ex|
2

+ |Ey|
2

+ |Ez|
2) along the plane of the corrugation. The spatial 

distribution of the charges due to the excited plasmon mode was presented by plotting the 

divergence of the electric field (∇E) along the plane of the surface corrugation.  

                     Further to model the optical properties of the non-percolated Au on to these 

corrugated substrates, CST Studio Suite, a software based on finite integration method, was 

used for the theoretical simulations. As it requires relatively low costs and provides controllable 

convergence and accuracy, appropriate for the studies of photonic and plasmonic grade periodic 

structures particularly for structures with unit cells of rather arbitrary geometry. The simulated 

spectra’s and near-field distributions have been obtained utilizing the frequency-domain solver 

with Floquet–Bloch boundary conditions and a tetrahedral mesh. Simulated non-percolated Au 

grains were drawn by an EM solver and were homogenized as a perfectly aligned Au array 

system onto the corrugated templates. Optical constants of a 6 nm thick Au film provided by 

Yakubovsky et al180. were used in the EM simulations. The near-field distribution simulations 

were obtained along both σ = 0 and 90° polarization for a unit cell of infinite periodic arrays 

with different inter-particle distances along and across the corrugation direction. The power of 

the EM wave is assumed to be 1 W per unit cell. And the obtained 2D field distributions were 

obtained at the half height of Au grains, in the plane parallel to the sample surface distributions 

and are presented for (3 × 3) cell fragments of infinite periodic arrays. It is to be noted that the 

maximal near-field intensity can be measured beyond the aforementioned plane presented as 

the nearfield distribution images. 
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3. Plasmonic properties of non-percolated, anisotropic Au metal films 

In this chapter the structural and optical properties of non-percolated ultrathin metal films on 

corrugated sapphire substrates are discussed, further the type of plasmons supported in these 

structures and their plasmonic hybridization and relaxation processes are discussed with 

simulated near-field spatial distributions and far-field steady state and transient absorption 

spectroscopy.  

3.1. Formation and structure of non-percolated, anisotropic Au metal films 

Ultrathin Au films of thickness t ~ 2,4,6,7,8,9, and 10 nm were deposited onto the fabricated 

corrugated templates with P ~ 290nm in a low deposition rate of 10 Å/hour at normal incidence 

angle. (as in Table 2.2). During the electron beam deposition process for ultralow non-

percolated film thickness, the fractional coverage f of the metal layer is f<fc (the film acts as 

isolated grains), where fc is the percolation threshold as discussed in section 1.3b. Subsequently, 

the film approaches the percolation threshold (f=fc) during increasing t and undergoes a 

transition into a semi-continuous connected state, according to the Volmer-Weber growth 

mechanism124,127. Typically, for Au metal films with thickness t ~ 8–10 nm undergoes the 

transition from a non-conductive (localized electrons) to conductive (high mobility free 

electrons) with Drude metal characteristics based on the deposition conditions.  

 

 

 

 

 

 

Figure 3.1. AFM topography image of ~7 nm thick non-percolated Au layer deposited on a corrugated 

template of P~290nm exhibiting the randomly oriented Au grains with diameter d~27 nm. (kx direction 

is along the spatial corrugation vector)218. 

On analyzing the structural properties of the t ~7nm thick Au film in Figure 3.1. which was 

deposited at a very low rate of 10Å/hour onto the corrugated template with period P ~ 290nm. 

The non-percolated layer exhibited Au grain like structures with diameter d~27nm due to the 

poor wettability of metals on the sapphire surfaces181. These clusters were distributed randomly 

onto the corrugated facets due to the high surface diffusivity on the relatively wide facets with 

P ~ 290nm – similar to non-percolated metal films deposited on a flat surface (the surface 

reconstructed corrugated templates are short elevations of facets rather than high-aspect-ratio 

grating like structures)97. As a result of this effect, for templates with P>>d the ordering of the 

nucleating Au grains was heterogeneous resembling the behavior of non-percolated films 

observed on flat sapphire templates (compare Figures 3.1 and 3.2a.).  
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Figure 3.2 AFM topography images of Samples218 (a), Sa1, (c), Sa2 and (e), Sa5. (The white bar 

represents 100 nm scale). Autocorrelation patterns from the AFM graphs of the samples (b), Sa1, (d), 

Sa2 and (f), Sa5. 

Further in Figure 3.2c, an anisotropic in-plane ordering of nucleating Au grains was observed 

on templates with smaller period (P). As P decreases towards P ≅ d the motion of the randomly 

nucleating Au adatoms towards its adjacent adsorption sites is restricted along the spatial 

corrugation vector kx. This is due to the surface corrugation acting as a barrier reducing the 

surface diffusivity along kx. This can also be depicted as the optimum deposition condition for 

forming favorable Au nucleation density, where the ratio of flux of Au atoms arriving at the 

template surface and its adatom surface diffusivity results in formation of Au grains of d ≅ P. 

Further, these thermodynamically-mediated kinetic processes of Au grains nucleation are 

kx 
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further favored by the excellent thermal-conductivity of the sapphire templates181,182 which 

results in oblate shaped nucleating grains with in-plane dimensions larger than its vertical 

dimension, making them as spheroidal Au disks during the deposition process. This facilitates 

in the ordering of the nucleating Au disks as chains on these short heighted periodic elevations 

of templates without utilizing complex glancing angle deposition techniques as used in other 

studies. The samples Sa2 shown in Figure 3.2c with the anisotropic in-plane array ordering 

exhibited nucleating Au disk diameter of d∼27 nm for an Au thickness t∼6 nm deposited at a 

rate of 10 Å/hour on the corrugated sapphire with structural feature P ≅ d (where P ≅30nm and 

d ~ 27 nm). The anisotropic ordering of Au disks as chain-like arrays was along the corrugation 

long axis. In the contrary, the orientation of the Au disks was randomized for the sample Sa5 

with template feature (P ≫ d) (where P ≅150nm and d ~ 27 nm) as the value of P largely 

increased beyond d, as illustrated in Figure 3.2e. This is due to the enhanced surface-diffusivity 

along kx onto the corrugated facets with large P as discussed earlier. Further, the in-plane pattern 

of the ordered Au disks resembling as chains of particles was confirmed from the 

autocorrelation function in Figure 3.2b, d and f. processed from the respective AFM images of 

samples Sa1, 2 and 5 in Figure 3.2a, c and e. 

 

 

 

 

 

 

 

Figure 3.3, Schematics explaining the meaning of inter-particle spacing S 218. The calculated values of 

inter-particle gap distance S1~3 nm and S2 ~1 nm for sample Sa2. 

The Auto correlation image in (Figure 3.2d.) confirms that the disks are nucleated with an 

average inter-particle gap distance S1 ≅ P dictated by the corrugation barriers along kx. Whereas, 

in the direction perpendiclar to kx along the corrugation’s long axis, the Au disks are ordered 

and more appear closer together with an inter-particle gap distance S2 due to the enhanced 

surface diffusivity similar to a flat sample. The inter-particle gap distances S were measured 

from the line graphs obtained from the autocorrelation patterns. Figure 3.3. shows the schematic 

explaining inter-particle gap distance S and center to center distance L. Similarly, when 

measuring the inter-particle gap distances of the nucleating Au disks of samples Sa1 (flat) and 

Sa5 (with feature P≫ d) from their autocorrelation patterns (in Figures 3.2b. and 3.2f.) exhibited 

similar inter-particle distances S along kx and the corrugation long axis. The similar values of S 

measured in these samples were same as the value of S2 along kx for sample Sa2 due to the 

increased surface diffusivity on these sample similar to the flat sample. Only the sample Sa2 

along the direction of kx exhibited an interparticle spacing S1 resulting in an anisotropic 

ordering. 
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Figure 3.4a, b. AFM topography of samples Sa4 and Sa9 exhibiting Au disks with larger diameter 

d~60nm218. 

This effect of the anisotropic in-plane ordering of the nucleating Au disks was studied for a 

similar set of samples with larger value of d. Here, the electron beam deposition rate was 

increased to promote the nucleation of Au disks with a larger diameter d∼60 nm. This increase 

in the flux of particles reaching the surface influenced the nucleation density of the Au disks, 

resulting in larger disk diameters. Figures 3.4a. and 3.4b. show the AFM images of the samples 

Sa4 and Sa9 with the nucleated Au disk diameter of d∼60 nm. These set of samples Sa4, Sa6 

and Sa9 were fabricated as a result of depositing Au films of t∼7.5 nm onto the templates with 

varying P at an increased deposition rate of 79 Å/hour. Similarly, the ordering of disks in the 

sample Sa4 with P ~ 70nm (P ≅ d) were aligned as a chain-like arrays along the corrugation 

long axis, whereas their orientation became randomized for the Au deposited on sample Sa9 

(P∼300 nm, P ≫ d). 

 

 

 

 

 

 

 

 

Figure 3.5(a) AFM topography images of Sample Sa3 218. The white bar represents 100 nm scale 

(b)Autocorrelation patterns from the AFM graphs of the sample Sa3. 

Further, Figures 3.5a. and 3.5b. exhibits the AFM image and its corresponding autocorrelation 

function patterns of sample Sa3 comprising of elliptically shaped Au disks. This sample with 

an Au disk in-plane shape aspect ratio of about 1.6:1.25 (32 nm along σ = 90 ̊ and 25nm along 

σ = 0 )̊ (azimuthal angle σ is explained in Figure 2.12c.) was fabricated when corrugated 

templates with features P ≅ d was placed at the edge of the e-beam evaporator stage and coated 

(b) (a) 
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with Au t ~ 7nm. This anisotropic shape effect was due to the slightly off-normal deposition 

angle (ξ) occurring along the direction of kx for samples placed at the edge of the deposition 

stage due to the e-beam deposition cone183 as in Figure 2.5.  

3.2. Optical response of non-percolated, anisotropic Au metal films 

Ellipsometry was used to measure the far-field polarized reflectance of the fabricated 2D-Au 

disk arrays. Figure 3.6b. shows the reflectance spectra measured for the samples (Sa11 - Sa17) 

with a constant period P ~ 290 nm and deposited with varying Au thicknesses ranging from t ~ 

2 nm to 10nm.  

 

 

 

 

 

Figure 3.6(a). Photographic image showing the fabricated plasmonic samples deposited with varying 

incremental Au thickness from t~2nm to 10nm exhibiting a range of colours. (b). Reflectance measured 

for Samples (Sa11 - Sa17) with a constant template period P ~ 290 nm deposited with varying Au 

thickness ranging from t~ 2 nm to 10nm (c). quantitative comparison of λp at σ = 0̊ and σ = 90̊ showing 

(a) 

(b) (c) 

(d) (e) 
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very low values of Δλp for samples from the plot in Figure 3.6a. (d). Reflectance measurement on a bare, 

non-reconstructed M-plane sapphire template with an elevated peak at 831nm. (e). Reflectance 

measurement of Sa11 with 4nm thick Au showing sapphire template peak at 831nm and λp of Sa11 

around 575 nm218.  

It exhibits an incremental red-shift in the plasmon wavelength position (λp) and an increase in 

peak broadening for samples with increasing Au thickness t. The broad peak observed near 

830nm is not as a result the plasmon resonance but the sapphire template peak - see Figure 3.6e. 

The plasmon wavelength shifted from λp ~ 565 nm (with a FWHM ~ 100 nm) for sample with 

t~2 nm to λp ~ 737 nm (FWHM > 450 nm) for the sample with t~10 nm at both σ = 90 ̊ (dotted 

lines) and σ = 0 ̊ (continuous lines) polarization angles see Figure 3.6b. This incremental 

plasmon shift (Δλp) is indicated by the dotted green line. This effect of plasmon peak broadening 

and shifting is attributed due to the increasing interaction between LSPR modes of individual 

Au disks as they nucleate more denser and closer to each another in increasing film t according 

to the Volmer-Weber growth mechanism as discussed in section 3.1.  

       Further, the broadening of the λp peak in increasing Au t is specifically caused by the 

increase in the rate of radiative damping, as dipoles excited in these randomly ordered Au disks 

interacts in a collective and a coherent way, giving rise to a radiant mode99,153. This plasmonic 

behaviour is also dependent on the number of particles N within the illuminated area. Thus, 

significantly influencing the observed plasmonic properties in non-percolated metal films.  

 

                  

 

Figure 3.7 (a) Reflectance measured for the samples Sa7, Sa8 and Sa10 (with constant t~ 10nm, and 

varying P~ 150 ,230 and 290nm) exhibiting an anisotropic response between σ = 0̊ and σ = 90 ̊

polarization components at decreasing corrugation P. (b)quantitative comparison of λp for the samples 

from the plot in Figure 3.6c. confirming the anisotropic response due the increase in value of Δλp at 

decreasing value of P218. 

Otherwise, isolated metal grains with very small diameter such as d~27 nm absorbs most of the 

illuminated excitation field in its plasmon λp resonance regime, remaining non-radiant 

according to the Mie theory153,184. Furthermore, the region of coupling between the confined 

(b) (a) 
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LSPR near-fields of two neighbouring Au disks gives rise to an enormous near-field 

enhancement - which are connected with the collective plasmon modes, this phenomenon will 

be discussed in detail in section 3.3. Similarly in Figures 3.6c, when analysing the λp peak 

positions of samples (Sa11–Sa17) obtained from Figures 3.6b. which was performed for a 

constant fixed period P∼290 nm and varying thickness t revealed that Δλp – (representing the 

difference in plasmon resonance positions between σ = 0 ̊ and σ = 90 ̊ polarization angles) is 

very low and insignificant. However, in Figure 3.7a, which exhibits the reflectance spectra for 

the samples (Sa7, Sa8 and Sa10) with a constant value of t~10nm and varying period P 

exhibited an anisotropic plasmonic response between σ = 0 ̊ and σ = 90 ̊ for the samples Sa7 

(blue spectra) and Sa8 (red spectra). The data presented in Figure 3.7b. provides a more accurate 

comparison of the λp plasmon positions at σ = 0 ̊ and σ = 90 ̊ obtained from the plot in Figure 

3.7a. which exhibits the increased value of Δλp for the samples with decreasing value of P. This 

optical response with larger values of Δλp under linearly polarized excitation is due to the 

anisotropic in-plane ordering of the nucleating Au disks deposited on corrugated templates with 

smaller period (P ≅ d) as discussed in section 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Polarized reflectance analysis of the samples218 (a) Sa1, (b) Sa2, (c) Sa5 and (d) Sa3 

performed at the incidence angle θ=50̊. 

The different inter-particle distances S along and across the corrugation vector kx which causes 

different plasmon coupling strengths, restoring forces and decay rates between the Au disks 

along (σ = 0 ̊ and σ = 90 ̊) was the primary reason for the large anisotropy values of Δλp for 

samples with P ≅d. Several works have also reported this effect as a result of the plasmonic 



 
 

68 
 

coupling between subwavelength MNPs under a linearly polarized excitation185,186.         

Subsequently, samples coated with t~6nm Au and with similar inter-particle distances S along 

both σ = 0 ̊ and σ = 90 ̊ measured for Sa1(flat template) and Sa5 (with P ≫ d) lead to lower 

values of Δλp in Figures 3.8a and c. as compared to sample Sa2 (with P ≅ d) which exhibited 

larger value of Δλp (plasmonic anisotropy) in Figure 3.8b. validating the anisotropic trend. The 

reflectance spectra of sample Sa1 (flat) in (Figure 3.8a.) was dominated by interference fringes, 

which is attributed due to the Fabry-Perot like behavior of the transparent dielectric substrate 

coated with very thin non-percolated Au layer187, which made it difficult to analyze its value of 

Δλp. 

           

 

 

 

 

 

 

 

 

Figure 3.9.  Polarized transmission spectra measured for σ = 0, 45and 90of the samples: a. Sa1(with 

a flat template). The vertical lines indicate the Raman laser exc and its corresponding Stokes positions on 

the spectra218. 

As an alternative, its transmittance spectra in Figure 3.9. reveals its isotropic plasmonic 

response with negligible difference in λp positions between σ = 0 ̊ and σ = 90 ̊. The oblate shape 

of the nucleating Au disks did not influence the observed plasmonic anisotropy largely, due to 

the lack of significant Δλp values, for both the sample with P ≫ d (Sa5) and the flat sample 

(Sa1) in Figures 3.8c and 3.9. This confirms that the different coupling rate between the 

nucleating disks based on S1 and S2 along σ = 0  ̊and σ = 90 ̊ was the principal cause of the 

observed anisotropy in these samples. Similarly, Figures 3.8d. show the polarized reflectance 

spectra of sample Sa3 comprising elliptical disks with an in-plane shape aspect ratio of about 

1.6: 1.25 (32 nm along σ = 90 ̊ and 25 nm along σ = 0 ̊) nucleated on the corrugated template 

with P ≅ d. This sample exhibited slightly higher value of Δλp when compared to the sample 

Sa2 with spherical disks (Figure 3.8b.). This combination of both shape anisotropy and inter-

particle coupling effects is the reason for the higher value of Δλp in this sample. To understand 

this anisotropic response of the Au disk chain-like arrays due to both shape anisotropy and inter-

particle coupling effects EM simulations were performed on a corrugated Al2O3/Au disk array 

structure model. The optical constants for a 6-nm thick Au film described by Yakubovsky et 

al180 and sapphire properties described by Paliks178,179 book of optical constants was used in the 

simulations.  



 
 

69 
 

              When analyzing the simulated polarized reflectance spectra of the samples Sa2 and 

Sa3 with spherical and elliptical Au disk arrays as in Figures 3.10a, b. obtained for the angles 

σ = 0 ̊, 45 ̊ and 90 ̊ exhibited similar anisotropic trends at σ = 0° and 90° when compared to those 

collected in the experiments in Figure 3.8b and d. Although slightly red-shifted λp positions 

were observed at both σ = 0 ̊ and σ = 90 ̊ hereafter mentioned as λTMp at σ = 0 ̊ and λTEp at σ = 90  ̊

resonance positions. 

This red-shifted λTMp and λTEp resonance positions is attributed to imperfections in nucleating 

Au disk orderings on the fabricated 2D-arrays when compared the perfectly ordered Au disk 

arrays modelled in simulations which results in a more uniform and stronger plasmon coupling. 

This explains the slightly red-shifted positions of λTMp and λTEp to longer wavelengths in the 

simulated spectra.  

 

Figure 3.10. Simulated polarized reflectance spectra for angles θ=50, σ = 0, 45and 90for samples a. 

Sa2 (spherical) and b. Sa3 (elliptical) Au grains. (The vertical lines represent the wavelength of the 

Raman laser excitation)218. 

The resulting plasmon hybridization due to these strong plasmon couplings in these fabricated 

ordered arrays is discussed more in detail in section 3.3. In Figure 3.10a. and b. at σ = 45 ̊ both 

the samples exhibit spectra’s which is the linear combination of λp modes at σ = 0 ̊ and σ = 90 ̊ 

due to the contribution from both the inter-particle distances S1 and S2. This effect is further 

confirmed by the isosbestic point at 500nm this confirms that this is not a higher order 

quadrupole mode as observed in nanoparticles with larger diameter due to retardation effects.  

           Similarly, polarized reflectance analysis performed on the samples nucleated with larger 

Au disk diameter d∼60 nm in Figure 3.11a. exhibited similar anisotropic plasmonic trends 

between σ = 0 ̊ and σ = 90 ̊. The sample Sa4 (P≅ d) exhibited a Δλp value of approximately 75 

nm, whereas the sample Sa9 (P ≫ d) exhibited a smaller Δλp value around 30 nm (in Figure 

3.11b - compare plots at (x axis) P = 75nm and 240nm). This further verifies the relationship 

of the in-plane grain ordering resulting in different inter-particle gap spacing S1 and S2 at σ = 0  ̊

and σ = 90 ̊ causing the observed plasmonic anisotropy. Furthermore, in Figure 3.11a. a more 

intense λp scattering intensity when compared to the spectra presented in Figures 3.8 is observed 
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due to the stronger scattering in the larger Au disk diameter (d∼60 nm) with larger cross-

section, according to the Mie theory184.  

 

 

 

 

 

 

 

 

 

 

Figure 3.11a, Reflectance spectra of samples Sa4, Sa6 and Sa9. b. comparison of the position of λp of 

samplesSa4, Sa6 and Sa9 listed in Figure 3.10a. showing the largest value of Δλp for the samples with 

the shortest corrugation period P 218. 

3.3. Plasmonic hybridization on 2D-MNP arrays 

For metal nanoparticle arrays with inter-particle gaps as small as S ≤ r, where r is the radius of 

the MNP, when another particle enabling the same field magnitude Ep(λp) is nearby an MNP, 

the region of the coupling between their two confined near fields gives rise to an enormous 

near-field enhancement known as “plasmonic hotspot”. These hotspots related to “collective 

plasmonic modes” as observed in this study and its resulting plasmonic anisotropy dependent 

on σ, can be explained by the plasmon hybridization theory149,151,154.  

                Both “dark-modes” exhibiting enhanced light absorption and “bright-modes” with 

enhanced scattering characteristics can be excited due to hybridization in these arrays with S ≤ 

r. However, due to their vanishing oscillator strength in symmetric MNP dimers and chains, 

dark-plasmonic modes are not excited by linearly polarized free space excitation. Whereas, it 

is the bright-plasmonic modes with a non-zero oscillator strength due to their dipoles being 

aligned in-phase are excited by free-space linearly polarized excitation150,151. The bright- 

plasmonic modes observed in the λp positions along TE (σ = 90 ̊) and TM (σ = 0 ̊) polarizations 

on dimers and 1D-MNP arrays are described as; longitudinal (bonding) and transverse (anti-

bonding) dipole mode. Due to this hybridization of plasmonic modes, depending on the inter-

particle gap distance S and the number of particles N in the system, the anisotropic plasmonic 

effect arises in dimers and 1D-MNP arrays154,156. In the fabricated 2D-MNP arrays discussed in 

this study, both σ = 90 ̊ and σ = 0 ̊ polarizations are considered to excite hybridized bonding 

plasmon modes assigned as λTEp and λTMp at σ = 90 ̊ and σ = 0 ̊ as in Figure 3.10a. Similarly, in 

these samples the plasmonic anisotropy arises due to the excitation of higher-order plasmonic 

modes, which are excited dependent on the different inter-particle gap distances S1 and S2 along 

(a) (b) 
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σ = 0 ̊ and σ = 90 ̊. In these arrays with S ≤ r, hybridization induced excitation of both higher-

order dark-modes described as λp2,4 (characterized by even integer fraction of the fundamental 

dipole mode wavelength) and higher-order bright-modes described as λp3,5 (characterized by 

odd integer fraction of the fundamental dipole wavelength) cannot be neglected154,156. The red-

shifting and broadening of λp modes are observed for the fabricated ordered Au arrays with S ≤ 

r as these higher-order plasmonic modes dependent on S pushes the fundamental lower-order 

dipole mode to longer wavelengths causing the observed plasmonic anisotropy. These, bright 

higher-order modes at λp3,5 can be distinguished from the lower-order dipole mode in far-field 

optical spectra only in MNP array system with finite N (typically N≤ 5). In this study, where N 

is assumed to be very large, this further red-shifts the higher-order bright-modes to longer 

wavelengths and to degenerate into the peak corresponding to the lowest-order dipole 

mode151,154 as λTMp at σ = 0 ̊ and λTEp at σ = 90 ̊ due the different inter-particle gaps S at these σ 

angles.  

                  Importantly, these higher-order bright-modes at λp3,5 are sub-radiant in their nature, 

as the electric field induced surface charge density in these individual MNPs forms dipole like 

characteristics, whereas its charge density alternates along the MNP chain, thus reducing its 

overall dipole moment collectively as arrays154. Due to this effect, these bright sub-radiant λp3,5, 

modes radiate less far-field scattering as compared to the super-radiant λp (lower-order dipole 

mode). The lower-order dipole mode is also a collective plasmon mode in these arrays with S 

≤ r but radiates the coupled near-field into far-field radiation effectively and instantaneously 

due to its non-zero dipole moment in these frequencies collectively as arrays. As a result of this 

phenomenon of dynamic depolarization due to both strong coupling and instantaneous far-field 

radiation this mode can be described as an antenna mode. In contrast as a result of the change 

in the effective modal index of these particle arrays at λp3,5 to support propagating (sub-radiant 

SPP modes) the bright-higher order modes can be described as waveguide modes. These sub-

radiant modes are advantageous to increase the excited plasmon lifetime as well as exhibiting 

intense nearfield.  

                 This phenomena of both efficient light collection into the near-field and plasmon 

propagation induced reduced far-field radiation at these sub-radiant modes wavelengths λp3,5 < 

(λp lower-order dipole mode), occurs only when S<<r in ordered MNP array systems due to 

hybridization as in these experimentally studied samples. This phenomenon can be further 

evident when deconvoluting the obtained far-field optical spectra into separate scattering and 

absorption components189,190. This exhibits the contributions of far-field radiative losses from 

the efficient light coupling occurring due to these hybridized modes. A few studies149,151,154 

have also reported this excitation of hybridized-collective SPP mode in ordered metal array 

systems with S ≤ r. Similarly, EM near-field simulations were performed, and the obtained 

near-field spatial distributions were corroborated with the polarized (far-field) reflectance 

measurements to characterize these hybridized-collective plasmon modes. Figures 3.12a-d. 

shows the near-field spatial distribution for the sample Sa2 with spherical Au disks excited at 

their resonance peak positions of λexc = 639nm and λexc = 715nm at (σ = 0  ̊and σ = 90 ̊). The 

near-field distribution clearly exhibits that the restoring force in the collective modes is reduced 

along both σ = 0 ̊ and σ = 90 ̊ polarization as S<<r in both the directions on these fabricated 

2D-arrays191. Further, they confirm the hybridization of the excited plasmonic modes with giant 
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near-field enhancements. These results further support the red-shifting of both the plasmon 

resonances at σ = 0 ̊ and σ = 90 ̊ beyond the uncoupled single-particle λp position of sample 

Sa11 deposited with Au t ~ 2 nm (low metal fill-factor) as in Figure 3.6d. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12a, b. Simulated EM near-field distribution images of sample Sa2 at λexc = 715nm (for σ = 0, 

and 90) and c,d. for sample Sa2 at λexc = 639nm (for σ = 0, and 90)218. 

The strongest coupling was observed at σ = 90 ̊ for both excitation wavelengths, regardless of 

the λTMp peak position at 639nm for σ = 0 ̊ or the λTEp peak position at 715nm for σ = 90 ̊ as in 

the simulated spectra in Figure 3.10a. This effect is due to the shorter inter-particle distance S2 

along σ = 90 ̊ when compared to S1 along σ = 0 ̊. However, a moderately large spatial distribution 

was observed at λexc = 715 nm in Figure 3.12b. where the λTEp resonance at σ = 90 ̊ is at its 

maximum when compared to σ = 90 ̊ under λexc = 639 nm in Figure 3.12d. Subsequently, for σ 

= 0 ̊ as a result of the larger value of S1 along this polarization angle the near-field was not as 

strong as it is for σ = 90 ̊ at both excitation wavelengths. The near-field at σ = 0 ̊ is weak when 

compared to σ = 90 ̊ even for λexc = 639nm where the λTMp resonance peak is at its maximum in 

Figure 3.10a.  

          Further, the simulated near-field distribution of the sample Sa2 obtained at different 

excitation wavelengths of 600nm, 639nm, 675nm, 715nm and 785nm are presented in Figure 

3.13. to compare and correlate the excitation wavelengths of the experimental SERS 

measurements and simulations with respective to their plasmon resonance peak positions which 

will be discussed in detail in Chapter 5. It further reveals that λexc = 675nm near the wavelength 

of the sub radiant modes exhibit near-field amplification both in intensity and large spatial 

distribution along σ = 0  ̊and σ = 90 ̊ due to the collective plasmonic hybridization on these 2D 

arrays. 

(b) (a) 

(c) (d) 
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Figure 3.13. a, Simulated polarized reflectance spectra of the homogenized sample (Sa2) at (σ = 0 )̊ and 

(σ = 90 ֯) the vertical lines in the spectra represents the excitation wavelength positions for the simulated 

near-field distribution images in b, for λexc = 785nm, c, for λexc = 715nm, d, for λexc = 675nm, e, for λexc 

= 639nm and f, for λexc = 600nm. (left column represent near-field distribution images at (σ = 90 )̊ and 

right at (σ = 0 ̊)218. 
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3.4. Plasmonic anisotropy of non-percolated Au metal films on corrugated 

sapphire templates under steady state spectroscopy 

In order to study the origin of plasmonic anisotropies due to the hybridization in these arrays 

with S<<r a set of anisotropic and isotropic plasmonic samples with t~8.5nm (near the 

percolating thickness at a deposition rate of 10 Å /hour) were studied. Figures 3.14a and b. 

present the results that allows to distinguish samples that exhibit plasmonic anisotropy as a 

result of this hybridization, and those that do not based on incremental polarized reflectance 

measurements conducted at Δσ =20 ̊. The sample Sa18 with P ≅ d (in Figure 3.12b.) exhibits 

an incremental shift in λp positions. It is evident that the plasmon modes excited in the 2D-MNP 

arrays at σ = 0 ̊ and σ = 90 ̊, are redshifted compared to the uncoupled single-particle λp of the 

sample Sa11 (with t∼2 nm, low fill-factor) in Figure 3.6d. However, in Figure 3.14a for the 

sample Sa13 with P >> d, (while it exhibits a redshift in λp when compared to the uncoupled 

particles λp of sample Sa11 as in Figure 3.6d) an isotropic plasmonic effect was observed even 

though the sample with P >> d exhibited short range ordering of MNPs as domains in AFM 

image (in Figure 3.1.) presented in section 3.1. Subsequently, here the red-shifting of λp for 

Sa13 as compared to Sa11 in Figure 3.6d. is due to the increase in interaction between the LSPR 

modes of the nucleating grains resulting from the increase in fill-factor for Sa13 with t~7nm, 

when compared to Sa11 with t~2nm. 

 

Figure 3.14 Polarized reflectance analysis performed at an angle of incidence θ=50 ̊ for the samples 

(a)Sa13 and (b)Sa18 at Δσ =20.̊ The sample Sa13 with P >> d shows minimal changes in λp but the 

sample Sa18 with P ≅ d shows large change in λp positions. 

3.5. Plasmonic anisotropy of non-percolated Au metal films on corrugated 

sapphire templates under transient absorption spectroscopy. 

In this section the anisotropic properties of non-percolated Au films were analyzed by the 

polarized-transient absorption spectroscopy. Figure 3.15a and b. shows the polarized transient 

absorption spectra (TAS) measured with λpump exc = 650nm on a flat template with Au t ~7.5nm 

exhibiting non-ordered Au grains at σ = 0 ̊ and σ = 90 ̊ polarization. The spectra’s exhibit an 

isotropic plasmonic effect in contrast to the anisotropic plasmonic effect in Figure 3.15c and d. 

for the sample Sa3 with template feature P ≅ d exhibiting ordered Au grains with elliptically 
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shaped in-plane dimensions. Here the excited state’s λp positions in the TAS spectra of sample 

Sa3 in Figure 3.15c and d. with ordered grains are blue shifted when compared to the λp 

positions of their respective steady state spectra in Figure 3.8d.  

  

Figure 3.15. shows the TAS signal measured with λpump exc = 650nm on the flat sample Sa1 at (a) σ = 0 ̊ 

and (b) σ = 90  ̊polarization and the TAS signal measured with λpump exc = 650nm on the flat sample Sa3 

at (c) σ = 0 ̊ and (d) σ = 90 ̊ polarization.  

This blue shift in the excited states both λTEp and λTMp peak positions for the sample Sa3 after ~ 

0.1ps is presumed due to the monochromatic ultrashort pulse excitation of plasmons onto the 

Au grains, resulting in photoinduced bleach of excited states to frequencies nearer to the 

excitation wavelength modulating its dielectric permittivity192. The incident pump pulse excites 

plasmon resonances which initially decays through radiation and then subsequently through 

Landau damping which induces the later non-radiative: electron-electron and electron-phonon 

scattering generating a high energetic carrier distribution of hot electrons and holes as in Figure 

1.17158,159. Further, when analysing the geometrical feature of the nucleating elliptical Au grain 

on sample Sa3 with features P ≅ d in Figure 3.5a, apart from its in-plane shape aspect ratio of 

about 1.6:1.25 (~32 nm along σ = 90 ̊ and ~25nm along σ = 0 ̊), it’s out of plane diameter is 

presumed to be less than ~7.5nm, based on the deposited film thickness of t~7.5nm, resulting 

as a triaxial ellipsoid structure in geometry. 

For MNPs with radius r < 10nm the damping factor γ becomes a function of r as electron-

surface scattering increases since the diameter d of the MNP becomes less than the mean free 

path of the conduction band electrons (which is approximately in the range of tens of 

nanometers). This increase in the rate of plasmon decay based on the equation 53.3 is due to 
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elastic scattering of electrons on the surface of MNP with size less than the length of the mean 

free path of electrons135,71.. 

γ(r) = 𝛾𝑜 + 
 𝐴 𝑣𝐹

𝑟
     (53.3) 

where 𝛾𝑜is the bulk damping constant, 𝑣𝐹 is the Fermi velocity of the electrons and A is the theory 

dependent parameter incorporating details of isotropic or diffuse scattering. 

This contribution of electron surface scattering due to the sub 10nm out of plane diameter of 

the triaxial ellipsoidal particle, further increases the rate of plasmon decay and broadens the 

plasmon bandwidth Γ, and resulting in enhanced generation of hot electrons on these ultrathin 

film-based samples. This population of energetic carriers after ~0.1ps further facilitated by the 

collective nearfields (hotspot) on the surface of MNPs, can alter the effective dielectric 

environment on the surface of the MNPs due to the generated hot electrons temperature and 

influence their interparticle spacing gap S.  

 

Figure 3.16 shows the TAS signal measured with λpump exc = 450nm on the sample Sa3 at (a), σ = 0  ̊and 

(b), σ = 90  ̊polarization exhibiting LSPR positions at ~ 560nm and ~ 660nm. shows the TAS signal 

measured with λpump exc = 450nm on the sample Sa3 at (c), σ = 0 ̊ and (d), σ = 90 ̊ polarization exhibiting 

LSPR positions at ~ 560nm and ~ 660nm. 
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Even small changes in the dielectric environment of the gaps with spacings S<<r due to these 

hot carriers can causes significant blueshift or redshift of the excited states λp positions 

measured in transient analysis with pump-probe delays in the picosecond temporal range192. 

Further, the analysis of the spectra in Figure 3.15c and d. is presumed to reveals the 

manifestation of additional higher-order modes which were not manifested in the steady state 

measurements in Figure 3.8d. The λTMp position of the excited non-radiative states in Figure 

3.15c was blue shifted ~ 30nm, with additional peaks at ~ 611nm and 680nm when compared 

to the single λTMp position excited on steady state measurements in Figure 3.8d. Further, the λTEp 

position in Figure 3.15d was blue shifted ~ 100nm, with additional peak at ~590nm when 

compared to the λTEp position excited on steady state measurement in Figure 3.8d. Apart from 

the in-plane shape induced anisotropy this large blueshift of the λTEp in transient spectra is 

presumed due to the lower value of S2 at σ = 90  ̊as the generated hot electrons influence more 

effectively in modulating the permittivity in these smaller gaps when compared to the larger 

value of S1 at σ = 0 ̊. Subsequently, the polarized TAS peaks λTEp and λTMp of the excited non-

radiative states in Figure 3.16c. and d. for sample Sa3 excited under λpump exc = 450nm (near the 

inter and intra-band transition frequencies) were similar to excited peak positions at λpump exc = 

650nm (near the collective plasmon frequency) in Figure 3.15c. and d. This shows that the 

excited charge carrier states are bleached and blue shifted independent of the excitation 

wavelength in these samples with S<<r. However, the presumed additional peaks of the 

hybridized modes on Sa3 were not observed under λpump exc = 450nm (near the inter and intra-

band transition frequencies) in Figure 3.16c and d. The additional modes were only observed 

at the λpump exc at 650nm (near the collective plasmon frequency) in Figure 3.15c. and d. Further, 

Figure 3.17b. shows the graph plotted for the λTMp at σ = 0 ̊ and λTEp at σ = 90 ̊ positions of 

polarized-transient absorption measurements on samples deposited with different Au thickness 

t on template features P >> d.  

 

 

Figure 3.17. (a) shows the graph plotted with the λTMp at σ = 0  ̊and λTEp at σ = 90  ̊positions for polarized-

steady state measurements performed on samples with features P >> d and varying Au thickness t ~ 

2,4,7,10 exhibiting isotropic plasmonic response (b) shows the graph plotted with the λTMp at σ = 0  ̊and 

λTEp at σ = 90 ̊ positions by polarized-TAS measurements performed under λpump exc at 650nm on the 

samples with features P >> d and varying Au thickness t ~ 2,4,7,10 exhibiting an anisotropic plasmonic 

response which was invisible in steady state measurements. 

(a) (b) 
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The analysis revealed contrary results of anisotropic effect when compared to graph plotted for 

the λTMp at σ = 0 ̊ and λTEp at σ = 90 ̊ positions of polarized steady state measurements exhibiting 

isotropic effect between σ = 0  ̊and σ = 90  ̊– compare Figure3.17a and b. Subsequently, this 

analysis revealed that the excited non-radiative states TAS peaks at λTEp and λTMp in Figure 

3.17b. red-shifts for increasing Au film thickness t where their inter-particle spacing S decreases 

for increasing Au thickness t due to increasing fill factor of the metal. This shows that the 

bleaching of the excited non-radiative states and its influence on its λTEp and λTMp positions 

primarily depend on the inter-particle spacing rather than λpump exc in these ultrathin metal films 

with short-range MNP order as in Figure 3.1.  Further, the resulting anisotropic TAS effect on 

these samples with features P >> d is also presumed to be due to the short-range ordering of 

Au disks (see Figure 3.1) which were invisible in polarized steady state spectroscopy. These 

trends in the polarized TAS investigation confirms the possibly of utilizing polarized-transient 

absorption spectra as an effective qualitative way to conform short-range orderings of 

subwavelength nanostructures which are difficult to measure and observe in conventional 

steady state measurements and other microscopic techniques quickly.  
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4. Plasmonic properties of percolated, anisotropic Au metal films 

In this chapter the structural and optical properties of percolated ultrathin metal films on 

corrugated sapphire substrates are discussed and presented, further the type of plasmons 

supported in these structures and the condition for SPP coupling are discussed with numerical 

calculations, simulations and far-field optical spectroscopy.  

4.1. Formation and structure of percolated, anisotropic Au metal films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.  AFM images of (a) flat non-reconstructed plasmonic sample (Sa1), (b) reconstructed 

corrugated plasmonic sample (Sa2) and (c) Topography of percolated 10nm thick Au film deposited on 

corrugated sapphire substrates with larger corrugation period217. 

Figure 4.1a and b shows the AFM images of 10nm thick percolated Au on flat and onto the 

reconstructed corrugated template. Gold metal was chosen once again for this study due to its 

ability to support surface plasmons in the NIR range72. The Au metal layer deposited on the 

corrugated template follows the modulation induced by the corrugated periodic facets as in 

Figure 4.1b. A low- temperature post-deposition annealing step (see sample fabrication section) 

was performed to improve the film interconnectivity of the deposited film creating a corrugated 

plasmonic surface of percolated real structure as in Figure 4.1c. The performed post deposition 

annealing process quenched the localized plasmon resonance of the percolated 10 nm thick Au 

film, before any dewetting processes which usually occurs at higher annealing temperatures130 

as discussed in Figure 4.2. It shows the AFM images of the samples with 10 nm thick Au film 

deposited on flat sapphire template and annealed at different temperatures after deposition. It 

reveals that the 10nm Au thin film undergoes slight improvement in film connectivity for post 

(c) 
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deposition annealing at a temperature of T << 600˚C at a constant time of 20 mins, but dewetting 

processes begin to occur in higher annealing temperature of 1000˚C where the diameter of the 

nucleating Au grains increases to ~ 250nm due to film de-wetting and out of plane growth. 

Whereas, the performed low-temperature post deposition annealing processes is necessary for 

ultrathin metals films with near percolated thickness to achieve effective percolation when 

deposited in dielectrics with poor surface wettability by an electron beam evaporation 

technique. Further, a pre-annealing process was also performed on the bare sapphire templates 

to degas the sample surface, so that uniform metal coverage and adatom diffusion can occur at 

ultrathin metal film thicknesses. This is performed so as to facilitate the film to acquire 

percolation at the low temperature post annealing process. 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.  AFM images of (a) 10nm of Au deposited on flat sapphire template and not annealed (b) 

10nm of Au deposited on flat sapphire template and annealed at 600˚C, (c) 10nm of Au deposited on 

flat sapphire template and annealed at 1000˚C and (d) Reflectance analysis measured with unpolarized 

excitation on the 10nm Au deposited on flat sapphire templates and annealed with different post 

deposition temperatures of 600˚C and 1000˚C exhibiting localized plasmon resonance due to film 

dewetting in higher post deposition annealing temperatures. 

Thus, corrugated plasmonic films with laterally connected metal network was obtained with 

different surface corrugation vectors kx, here the value of corrugation period determines the 

spatial corrugation vector kx spatial corrugation.  

(b) (a) 

(c) (d) 
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4.2. Optical response of percolated, anisotropic Au metal films 

The reflectance analysis of the flat sample Sa1P in Figure 4.3a. confirmed the percolation of 

the 10nm Au film after the post deposition annealing process at 300 ˚C due to the observance 

of increasing reflectance at the longer wavelengths typical for connected (percolated) metal 

films98,121 and a dip near 500 nm wavelength interpreted as the absorption due to inter-band 

transitions in Au metal194 as in Figure 4.3a. As discussed before in chapter 3. the small peak 

near 831 nm in the spectra is from the α-Al2O3 template and not a plasmon resonance. Further 

a broad dip at the NIR region for TM polarization component was observed for corrugated 

plasmonic samples as in Figure 4.3b. indicating the coupling of a plasmon mode. Whereas, the 

TE polarization component exhibited similar reflectance spectra as the flat sample. The position 

of the broad plasmon dip redshifted beyond the NIR spectroscopic range for the fabricated 

plasmonic samples with increasing corrugation vectors as in Figure 4.3c. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. (a) Reflectance measurements of 10 nm Au film on flat template at θ = 50◦ exhibiting 

percolated thin film characteristics. (b) Reflectance measurements of the percolated 10 nm Au film on 

the corrugated sample with period = 150nm at θ = 50◦ showing a broad dip in the IR region for TM 

polarization related to the coupling of a hybrid SPP mode and (c) TM polarization components of 

reflectance on samples (flat (Sa1) and reconstructed corrugated with periods = 150nm, 290nm and 

450nm (Sa2, Sa3, Sa4) at θ=50o exhibiting red-shifting of the broad SPP resonance dip for increasing 

corrugation period217. 

(b)  

(c) 

(a)  
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Further, EM simulations were performed to understand the type of excited plasmon onto the 

corrugated plasmonic samples with percolated Au network. An Al2O3/Au corrugated structure 

was modelled using the optical constants for a 11-nm thick Au film described by Rosenblatt et 

al142. Figure 4.4. shows the electric field intensity (|E|2) distribution maps at incidence angle θ 

= 0 ̊  and 50 ̊  for TM polarization excited at λexc = 785 nm. The simulated |E|2 distribution reveals 

enhanced optical near field along Ex and Ez on the corrugated surface as a result of the strong 

plasmon coupling at θ = 50 ̊ with a larger wavevector. Whereas, at θ = 0 ̊ the |E|2 distribution 

exhibited negligible enhanced optical near-field revealing no significant polariton coupling on 

these corrugated surface elevations with low aspect ratio of period - height. These results 

suggest the type of the excited plasmon mode to a propagating surface plasmon polariton (SPP) 

mode on these corrugated metal films.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Electromagnetic near-field distribution for TM polarization at angle of incidence θ = 0◦ and 

θ = 50◦ for corrugated plasmonic sample with period =150nm under λexc = 785 nm, exhibiting the 

coupling of a SPP mode at θ = 50◦ due the increased wavevector of the diffracted light217. 

 

However, it can be seen from the dispersion curves in Figure 1.14b. that the possible SPP modes 

always have a larger wavevector when compared to the wavevector of both free space photons 

𝑘𝑜 and photons in the dielectric medium 𝑘𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 at similar frequencies based on the 

illuminated metal/dielectric interface. This constitutes a mismatch in momentum between the 

incident photons and possible SPP modes in the interface. Subsequently, the SPP coupling takes 

place at selected momentum- matching conditions between the photons and surface plasmon 

modes. Although, SPP modes in flat plasmonic layers can only be excited by end coupling, 

tapered coupling or prism which increases the wavevector of the incident light towards the SPP 

wavevector. Here the corrugated periodic structures can diffract light with an increased 

wavevector mediating plasmon-photon momentum matching conditions and thus excluding the 

requirement of complex optical setup195.  

(b) 

(a) 
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4.3. Excitation of propagating surface plasmon polariton (SPP) mode 

Corrugated surface structures with spatial corrugation vector (kx spatial corrugation) dependent on 

their value of period P (see eq. 54) increases the momentum of the electromagnetic light 

incident on them due to diffraction137. The momentum of these diffracted waves (kx diffracted) is 

based on the eq.55.  

𝑘𝑥 𝑠𝑝𝑎𝑡𝑖𝑎𝑙 𝑐𝑜𝑟𝑟𝑢𝑔𝑎𝑡𝑖𝑜𝑛 = n 
2𝜋

𝑃
          (54) 

 

𝑘𝑥 𝑑𝑖𝑓𝑓𝑟𝑎𝑐𝑡𝑒𝑑 = 𝑘𝑜 𝑖𝑛𝑐𝑠𝑖𝑛𝜃 + n 
2𝜋

𝑃
     (55) 

 

𝑘𝑆𝑃𝑃 =  
𝜔𝑆𝑃𝑃

𝑣
  √

𝜀1𝜀2

𝜀1+𝜀2
        (56) 

where ko inc = wavevector of the incident light, kx spatial corrugation = spatial wavevector of corrugation 

period, kx diffracted = wavevector of diffracted light order, kSPP = SPP wavevector, n = 0; ±1; ±2; diffraction 

orders, θ = incidence angle, P is the grating period, ε1 and ε2 are the dielectric permittivity’s of metal 

and dielectric medium, respectively, v = c/μ is the speed of light in the dielectric medium, μ -refractive 

index of dielectric medium.  

 

To understand the conditions for SPP excitation on these corrugated plasmonic samples with 

percolated Au films, dispersion curves of ko inc and kx diffracted on the corrugated samples Sa2 and 

Sa3 with periods P = 150 and 290nm were plotted in Figure 4.5a. In the dispersion curves 

shorter corrugation period of P = 150 nm with larger kx spatial corrugation resulted in larger values 

of wavevector of diffracted light kx diffracted. Subsequently, the plasmon dispersion curves kSPP 

based on eq.56. reveals that the effective SPP coupling occurs at Au/sapphire interface by 

transmitted diffraction wave orders196-198.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. (a) Dispersion curves for SaP2 and SaP3 samples with periods P =150nm and 290nm for 

diffraction order n = 1. Incident light ko inc(solid black line), resulting diffracted orders kx diffracted (dashed 

black line), P = corrugation periods, kSPP in air/Au interface = (red line), kSSP in sapphire/Au interface 

= (blue line), SPP coupling points (red dots), (b) simulated charge density polarization on the metal 

(a) (b) 
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dielectric interfaces of Sa2 for TM polarization at λexc= 785 nm at θ = 0◦ and 50◦ exhibiting the excited 

hybrid SPP mode excitation at θ = 50◦. (Plasmon frequency 𝜔𝑝= ħω)217. 

 

The coupling region between the diffracted orders kx diffracted and the kSPP at the Au/sapphire 

interface is portrayed by the red dots in Figure 4.5a. where the coupling of a SPP mode at 1.17 

eV due to the first-order diffracted waves is presumed to correspond to the results of reflectance 

measurements of sample Sa2 with period P =150nm which shows a broad dip in the near 

infrared range at 1040 nm (see Figure 4.3b). We find similar trends of plasmon dips for other 

corrugation periods in Figure 4.3c based on the coupling regions in the dispersion curves. 

Further, the excited SPP mode on the Au/sapphire interface with exponentially decaying 

electric field extends to the Au/air interface and transforms into coupled hybrid modes147,199. 

In the discussed system (air/Au/Al2O3 layer) the broad plasmon reflectance dip in the NIR 

region is related to an anti- symmetric SPP mode200,201. 

      When plotting the charge density polarization distribution on the (air/Au/Al2O3 

interfaces) for TM polarization at θ = 0
◦ and 50˚ under λexc = 785 nm in Figure 4.5b. the charge 

density polarization appears to be a mixture of dipole moments at θ = 50˚ that is typical of 

hybridized SPP mode on ultrathin metal films. Whereas, the propagation of high-frequency 

symmetric mode in the samples is damped as a result of the discontinuous percolated network, 

which limits charge oscillations parallel to the interface202 and also by the Au inter and intra-

band transitions at frequency above 500nm202,203. The nature of the broad reflectance dip here 

is also attributed to the enhanced scattering on percolated grains. The fabricated corrugated 

plasmonic surface support delocalized SPP modes in the NIR range generating large electric 

field components parallel and perpendicular to the surface during SPP excitation based on their 

kx spatial corrugation contrary to confined LSPR mode. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. The dependency of reflectance vs. corrugation period (stronger plasmon coupling) at 

selected wavelengths for a shorter corrugation period217. 
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Finally, Figure 4.6. shows the dependence of reflectance intensity at selected wavelengths for 

different sample corrugation period. It exhibits that reduced reflectance for samples with shorter 

corrugation period, indicating stronger plasmon coupling when compared to larger corrugation 

periods corroborating the plasmon coupling conditions in the dispersion curves in Figure 4.5a. 

4.4. Plasmonic anisotropy of percolated, anisotropic Au metal film 

Here these corrugated plasmonic samples support SPP mode only at TM polarization, along the 

direction of the surface corrugation vector kx spatial corrugation. As a result of this the samples exhibit 

anisotropic plasmonic effect dependent on the excitation polarization angle σ. In contrary to the 

anisotropically ordered Au arrays, where the excited plasmon is LSPR mode at both σ = 0˚ and 

σ = 90˚. The samples here excite quenched LSPR modes at σ = 90˚ due to the connected 

percolated Au networks although with surface roughness and propagating SPP modes at σ = 0˚. 
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5. Dichroic SERS effect on anisotropic, ultrathin Au metal films 

In this chapter the resulting SERS effects of a simple thio-phenol molecule chemisorbed on 

both the percolated and non-percolated anisotropic metal films on corrugated sapphire 

templates are discussed. Further, the type of SERS anisotropy resulting on these samples, its 

relative Raman peak intensities and enhancement factors were measured through SERS 

mapping, polarized and wavelength scanned Raman measurements. These measurements were 

performed in order to utilize a dichroic SERS response resulting on these samples, and study 

SERS dichroism of analyte Raman modes of different Stokes shifted frequency and analyte 

Raman modes of different polarizability tensors. These analyses were used to understand the 

non-linear Raman scattering phenomena and its surface selection rules on the fabricated 

samples. Substrate reproducibility and large-area sensing uniformity were also tested. Finally, 

the positives and drawbacks of the fabricated samples towards SERS are discussed. 

5.1. Anisotropic SERS effect of non-percolated Au metal films on corrugated 

sapphire templates 

As discussed in chapter 3. The non-percolated Au films nucleated as ordered 2D-Au arrays with 

giant near-field enhancements due to the hybridized-collective plasmon modes, it also exhibited 

an anisotropic plasmonic response with respected to the excitation polarization angle σ. Here 

the SERS resulting from the anisotropic non-percolated Au metal films at their super and sub-

radiant plasmon frequencies were investigated. 

5.1.1. Super and sub-radiant SERS  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 SERS spectra of phenyl-thiolate layers formed when thio-phenol molecules chemisorbed 

into the Au surface218. The blue arrow indicates the down shift of the (C − C − C ring bend (ring 

breathing) and In- plane. C − C − C bend + C − S stretching) of bare thiophenol to 998 cm− 1 and 1072 

cm− 1confirming the chemisorption as phenyl thiolates204. 
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Polarized and wavelength scanned SERS measurements were performed for thio-phenol 

molecules in these samples in order to investigate the SERS enhancements due to the 

hybridized- super and sub-radiant collective plasmon modes. When thiophenol molecules were 

deposited onto the samples the phenyl ring vibration modes assigned to the (C − C − C ring 

bend (ring breathing) and In- plane. C − C − C bend + C − S stretching) in its SERS spectra 

downshifted upon the formation of phenyl thiolates (PT), to 998 cm− 1 and 1072 cm− 1 as in 

Figure 5.1, where the blue arrow indicates the downshifting. This confirms the chemisorption 

of thio-phenol on the Au surface to form phenyl-thiolates204. 

                       Two selected Raman λexc at 633 nm and 785 nm were used in the study. The 

vertical lines on Figures 3.9 and 5.2a, b. indicates the Raman λexc and its corresponding λStokes 

positions on the plotted polarized-reflectance spectra of the samples (Sa1- unordered grains - 

flat sample), (Sa2 - ordered spherical arrays - P≅d), (Sa5 - un-ordered spherical arrays - P>>d) 

and (Sa3 - ordered elliptical arrays - P≅d).  

 

Figure 5.2 Polarized reflectance spectra218 (a) at σ = 0 ̊(red lines) exhibiting the excited λTMp plasmon 

modes and (b)at σ = 90̊ (black lines) exhibiting the λTEp plasmon modes for the samples Sa2, Sa3 and 

Sa5 (performed at an angle of incidence θ=50)̊. The vertical lines indicate the λexc and its corresponding 

λStokes positions on the spectra’s. (c)shows SERS spectra measured at λexc= 633nmfor the sample Sa2 at 

both σ = 0̊ and 90 ̊polarizations. (d) presents SERS spectra measured at λexc = 785nm for the sample Sa2 

at both σ = 0 ̊and 90 ̊polarizations. Blue arrows indicate the λStokes 1 and λStokes 2 positions in (c) and (d). 
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Since, the SERS measurements performed in this study using a microscopic objective of high 

numerical aperture 0.7 N.A., focusing within an aperture angle of 50 ̊ the λexc and λStokes positions 

were preferred to be aligned and compared onto the reflectance spectra measured at θ = 50 ̊ as 

in Figure 5.2a, b., rather with the transmission spectra which were obtained at normal incidence 

in Figure 3.9. The transmission measurements were performed to analyze the value λp of the 

flat sample (Sa1) as its reflectance analysis in Figure 3.8. exhibited interference fringes due to 

the Fabry - Perot like cavity mode187 of the template coupled with the MNP arrays λp resonance, 

which made it difficult to measure the λp based on σ.  

               Importantly, the performed off-normal reflectance analysis at θ = 50 ̊ is necessary in 

this study so as to account for the out-of-plane (p-polarized) light interaction with the plasmonic 

surface, in exciting both parallel and perpendicular charge oscillations205. This requirement is 

to be taken into account when studying optical properties of ultra-thin metallic films and arrays 

on dielectric substrates with large permittivity (ε ~11-9 as for the miscut sapphire with dichroic 

response). In such Au metal arrays /corrugated dielectric template system, the discontinuity of 

ε due to the underlying template further breaks the symmetry of the dielectric medium 

surrounding the Au grains. This introduces complex phenomena such as image charges which 

further increase the FWHM of the excited λp peak206,207. Such high permittivity dielectric 

substrates can efficiently concentrate the EM near-field at the metal/dielectric interface as 

confirmed by recent experimental studies17.  

              Further analysis of reflectance spectra in Figures 5.2a, b. and 3.9 reveals that the 

positions of λexc = 785 nm and its corresponding λStokes lie in the lower frequency regime when 

compared to the peak maxima of the lower-order dipole antenna modes λTEp at σ = 90 ̊ and λTMp 

at σ = 0 ̊ for the samples Sa1, Sa2, Sa3, and Sa5. In the contrary, the λexc = 633nm and its 

corresponding λStokes lies in the higher frequency regime of λTEp at σ = 90̊ for samples Sa2 and 

Sa3 where the degenerated λTEp3,5 sub-radiant propagative (SPP mode) are excited151,154. Figures 

5.2c, d. show the SERS spectral measurements at both Raman λexc = 633nm and 785nm along 

σ = 0 ̊ and 90 ̊ for the sample Sa2. It shows that the higher SERS intensities are acquired at λexc 

= 633nm, when compared to λexc = 785nm. Whereas, the anisotropic response in SERS intensity 

between σ = 0 ̊ and σ = 90 ̊ was more pronounced for λexc = 785nm as compared to λexc = 633nm. 

In order to acquire more detailed dependence, polarized SERS measurements with a precise 

step of Δσ = 5 ̊ were performed on these samples.  

Figures 5.3a-d. exhibits the polarized SERS intensity plots for selected phenyl-thiolates Stokes-

shifted peaks at 418 cm-1and 1573 cm-1 designated as λStokes 1 and λStokes 2 based on their respective 

Raman emission wavelengths. Here, the λStokes 1 peak at 418 cm-1 is close to the position of λexc 

and exhibits SERS intensity based on the enhancement factor g ≅gs. The SERS intensity of this 

peak is approximated through the commonly used |E|4 model65,167. However, for the higher 

frequency Stokes-shifted peaks, such as the one at 1573 cm-1 (λStokes 2), the factors g at λexc and 

gs at λStokes will differ and influence the SERS intensity of the peaks individually based on the 

position and FWHM of the excited λp plasmon mode. 

The plotted polarized SERS peak intensities in Figure 5.3a-d. at both λexc = 633 nm (left column) 

and λexc = 785nm (right column) provides a clearer and more precise depiction of the dichroic 

SERS effect in these Au arrays. Thus, allowing for a direct comparison of their SERS intensities 
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and anisotropies. Furthermore, the flat sample Sa1(black plots) exhibits an isotropic SERS 

scattering effect for both excitation wavelengths (see Figure 5.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3.(a) and (c) show SERS intensity dichroism plots of λStokes 1and λStokes 2peaks on samples (Sa1 

- unordered grains on flat template) (black plot), (Sa2 - ordered spherical arrays) (red plot) and (Sa5 - 

un-ordered spherical arrays) (green plot) measured for Δσ = 5 ̊ at λexc= 633nm. (b) and (d)present SERS 

intensity dichroism plots of λStokes 1and λStokes 2peaks on samples (Sa1 - unordered grains on flat template) 

(black plot), (Sa2 - ordered spherical arrays) (red plot) and (Sa5 - un-ordered spherical arrays) (green 

plot) measured for Δσ = 5 ̊at λexc= 785nm218. 

Although, when analyzing the obtained absolute SERS intensity values at σ = 90̊ angle for λexc 

= 633nm < λTEp in Figure 5.4a. and b. reveals that similar SERS intensity are observed for the 

samples (Sa1 - unordered grains on flat template) (black plot), (Sa2 - ordered spherical chain 

array along σ = 90̊) (red plot) and (Sa5- un-ordered spherical chain array along σ = 90̊) (green 

plot). This reveals for Raman excitation λexc = 633nm < λTEp near to the frequency of the sub-

radiant collective plasmon mode the resulting SERS enhancement of the analyte depends 

primarily on the inter-particle gap S, rather than the ordering of MNP as arrays when S<<r in 
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the system. This effect of similar values of absolute SERS intensities between samples Sa1, Sa2 

and Sa5 along σ = 90 ̊ contradicts the far-field reflectance intensities of Sa2 and Sa5 in Figure 

5.2b. as it shows a higher reflectance intensity for Sa2 when compared to Sa5 at λexc = 633nm 

and its corresponding λStokes position regions (compare the reflectance intensities of the samples 

Sa2 and Sa5 at light red lines position in Figure 5.2b.). This anomalous behavior in the 

dependency of SERS at λexc= 633nm on the far-field reflectance intensity is due to the increase 

in temporal (lifetime) feature of the enhanced near-field as a result of plasmon-propagation with 

reduced far-field scattering loss. These sub-radiant mode at λexc = 633nm < λTEp are due to 

hybridization of plasmonic near-fields in the Au-arrays with S<<r and cannot (couple or out-

out) with far-field incident radiation. As a result of this hybridization dependent on S, only for 

the sample Sa2, due to the large inter-particle gap S1 at σ = 0 ̊ polarization a slightly decreased 

SERS intensity was observed in Figure 5.3b. Due to this anisotropic SERS intensity along σ = 

0 ̊ and σ = 90 ̊ resulted in a dichroic SERS effect dependent of the excitation polarization angle 

- see red plot in Figure 5.3a, b. This dichroic effect was specific to sample Sa2 (P≅ d) at σ = 0 ̊, 

where the increase in the value of S1 is due to the corrugation barrier induced anisotropic Au 

array ordering. Similarly, for the flat sample Sa1 and sample Sa5 (P≫ d) due to the similar 

inter-particle gap S at both σ = 0 ̊ and σ = 90 ̊ angles resulted in an isotropic SERS effect under 

λexc= 633 nm see (Sa1) black plot and (Sa5) green plot in Figure 5.3a and b. Further in contrast 

to λexc= 633 nm, there is a clear difference in SERS absolute intensities between the samples 

Sa1, Sa2 and Sa5 at σ = 90 ̊ in Figure 5.3c, d when analyzing the data for λexc = 785nm. This 

observation corroborates with the far-field polarized reflectance intensities at σ = 90 ̊ for λexc = 

785 nm and its respective λStokes positions (compare Sa2 and Sa5 intensities at dark red-lines 

position in Figure5.2b.).  

      At Raman excitation at λexc = 785nm > λTEp related to the frequency of the lowest-order 

dipole mode the ordering of MNPs in the form of arrays primarily influenced the increase in its 

SERS signal and corroborates well with its far-field reflectance spectra for the sample Sa2 (red 

plot) in Figure 5.3c and d. This is as a result that the excited lowest-order dipole mode can be 

regarded as an (antenna mode) as it is effectively excited in the Au arrays but instantly scatters 

the collective plasmon near-field radiation into far-field as a result of dynamic depolarization. 

This dynamic depolarization is due to the non-zero dipole moment of ordered arrays 

collectively at λexc = 785nm > λTEp. As a result of this, for Raman excitation at λexc = 785 nm the 

absolute SERS intensities at σ = 90 ̊ decreased for the samples Sa1 and Sa5 with un-ordered 

arrays (black and green plots) due to the weak excitation of the antenna mode as in Figures 

5.3c. and d. In the contrary, for sample Sa2 (red plot) with ordered spherical chain array along 

σ = 90 ̊ the SERS intensity increased even though all the samples possessed the same inter-

particle gap S2 at this direction. As a result of this dependency on the ordering of Au arrays, the 

SERS dichroic effect dependent on far-field polarization angle (σ) was more prominent for 

sample Sa2 (red plots) at λexc = 785nm as in Figures 5.3c, d. as its Au arrays were ordered with 

different inter-particle gaps S1 and S2 at both σ = 0 ̊ and 90 ̊ comparing to λexc = 633nm in Figures 

5.3a, b. This trend was due to the effective coupling of the dipole antenna mode at σ = 90 ̊ onto 

the ordered arrays with smaller value of S2 as discussed before, whereas at σ = 0 ̊ due to the 

larger S1 and the disorder in arrays resulted in weak excitation of the super radiant mode and 

resulted in the lowest SERS intensity observed in these samples. Subsequently, for the sample 

Sa5 with non-ordered arrays the dichroism becomes less pronounced and it completely 
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disappeared for the flat sample Sa1. Similarly, when comparing the absolute SERS intensities 

between these samples at σ = 0 ̊ under λexc = 785 nm, the flat sample Sa1 with the smallest S 

value exhibited the highest SERS intensity and sample Sa2 with the largest gap distance S1 at σ 

= 0 ̊ exhibited the lowest SERS intensity, see (Sa1) black and (Sa2) red plots (in Figure 5.3c 

and d. (at σ = 0 ̊). This reveals that both the factors of ordering of MNPs as arrays and their 

inter-particle gap distance S influences the SERS intensity of an analyte when excited at λexc = 

785 nm> λTEp related to the frequency of the lowest-order dipole mode. The most enhanced 

SERS intensities in these measurements were obtained for Raman λexc at 633nm < λTEp near the 

frequency of the sub-radiant collective plasmon mode (as in Figure 5.2c.). This was due to the 

increase of its both the spatial and temporal near-field features as a result of the hybridized 

plasmon propagation, when compared to λexc = 785nm > λTEp related to the frequency of the 

lowest-order (antenna) dipole mode (in Figure 5.2d.). These results were reproduced for a 

similar set of fabricated samples which exhibited plasmon resonance where the λexc at 633nm 

was further blue shifted << λTEp near the frequency of the sub-radiant collective plasmon mode 

when compared to the sub-radiant mode’s peak maxima for both samples with flat template and 

P >> d feature. These reproduced results are presented as polarized SERS mapping 

measurements discussed in section 5.1.2. Further, the performed experimental comparison of 

SERS intensities and anisotropies of the samples excited at different excitations (λexc) and 

polarization angle (σ) summarizes, that in SERS system with S<<r the inter-particle gap 

distance S is the primary factor influencing higher SERS enhancements compared to the factor 

of ordering MNPs in the form of arrays at excitation frequency near the sub-radiant collective 

plasmon mode. Whereas, for SERS excitation related to the frequency of the lowest-order 

(antenna) dipole mode, the enhancements depended also on the ordering of MNPs as arrays 

resulting in a pronounced dichroism but exhibited reduced enhancement on these systems with 

subwavelength MNP diameter d ~ 27nm. This dependence becomes significant and has to be 

taken into account when designing large-area SERS substrates based on arrays with very small 

inter-particle gaps and subwavelength MNP diameter. As these substrates exhibit larger number 

of intense plasmonic SERS hot-spots in real space.  

 

5.1.2. Non-linear Raman scattering process and verification of EM near-field 

mechanism of SERS. 

Apart from simulated near-field spatial distributions in chapter 3, the enhanced near-field 

Ep’(λp’) related to the collective plasmon modes based on equation 52. can be measured in SERS 

experiments. Importantly, the plasmonic modes with enhanced fields Ep(λp) can influence 

different stages of Raman enhancement of a molecule depending on the factors g at λexc and gs 

at λStokes see equation 50. in chapter 1. The conducted experimental studies utilizing the 

plasmonic anisotropy allow us to retrieve the individual influence of g and gs on the SERS 

signals of the investigated analyte, and to study the non-linear Raman scattering effect. Figure 

5.4a. shows the polarized SERS peak intensities of sample Sa3 (P ≅ d, ordered elliptical arrays) 

for σ = 0 ̊ and σ = 90 ̊. 
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Figure 5.4(a) SERS spectra measured at λexc = 633nm for the sample Sa3 for both σ = 0 ̊ and 90  ̊

polarizations. (b) polarized SERS intensities of λStokes 1 and λStokes 2 peaks at λexc = 633nm for the sample 

Sa3, revealing that λStokes 1 follows a cos2(σ) and λStokes 2 follows a sin2(σ) dependency218. 

It revealed distinct behavior of SERS relative peak intensities between λStokes 1 and λStokes 2 at σ 

= 0 ̊ and σ = 90 ̊. At σ = 90 ̊ (black spectra) the λStokes 2 peak is enhanced strongly as compared 

to λStokes 1 peak, while the reverse is observed at σ = 0 ̊ (red spectra). This  dependent change 

in the relative SERS peak intensities is only observable at λexc = 633nm, while at λexc = 785nm 

the SERS anisotropy behave similarly to that observed for samples Sa2 and Sa5 (in Figure 5.4c, 

d.) and the distinct behavior of the SERS relative peak intensities were absent. Subsequently, 

when the polarized SERS intensities of λStokes 1 and λStokes 2 peaks under λexc = 633 nm were 

plotted with a step Δσ = 20 ̊ as in Figure 5.4b. the analysis clearly revealed distinct dichroic 

response between λStokes 1 and λStokes 2 peaks. As specifically, λStokes 1 exhibited a cos2(σ) 

dependency (black plots), while λStokes 2 exhibited a sin2(σ) dependency (red plots) with respect 

to the polarization azimuthal angle σ. By corroborating these results with the polarized 

(a) 

(b) 
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reflectance and transmission plots (in Figures 5.2a, b.) at the λexc = 633nm and its corresponding 

λStokes positions, the λexc at 633 nm and its corresponding λStokes 1 was closer to the λTMp resonance 

position at σ = 0 ̊. Due to this the λStokes 1 peak’s SERS intensity depended on the factors assumed 

to be g ≅ gs. Whereas, for the higher frequency Stokes-shifted peak λStokes 2 due to the differing 

values of g and g s at σ = 0 ̊ a reduced SERS peak intensity is observed as the λTMp resonance is 

blue shifted with respect to this λStokes 2 peak. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5a, c, e. SERS spectra measured at λexc = 633nm for the samples Sa4, Sa6 and Sa9 at both σ = 

0 and 90 polarizations. (left column). b, d, f. SERS spectra measured at λexc = 785nm for the Sa4, Sa6 

and Sa9 at both σ = 0  and 90 polarizations. (right column) 218. 

(b) 

(d) 

(a) 

(c) 

(f) (e) 



 
 

94 
 

Subsequently an increased λStokes 2 peak intensity was observed at σ = 90 ̊ as the near-field Ep at 

λTEp is enhanced at λStokes 2 position. This confirms that the intensities of λStokes in SERS 

measurements depend on both the enhancement factors g and gs. Subsequently, the factors g 

and gs are determined by the λexc and its corresponding λStokes positions relative to the excited 

plasmon mode and its FWHM. These experimental results emphasize the need for plasmon 

resonances with longer lifetime as well as a broad peaks for the efficient enhancement of both 

g and gs factors in SERS sensing of a group of molecules emitting similar stokes wavelength 

for their vibrations. Similar experimental results were also obtained for sample Sa6 with larger 

nucleated Au arrays disk diameter d ~ 60nm (see Figure 5.5c.). where the λexc = 633nm position 

and its corresponding λStokes 1 position at σ = 0 ̊ is closer to the excited resonance position λTMp 

at this angle when compared to its λStokes 2 (in Figure 3.11a.). Thus, this sample Sa6 in Figure 

5.5c (red spectra) exhibits trends similar to what was observed for the sample Sa3 in Figure 

5.4a. Whereas, at λexc = 785nm the distinct behavior of the relative SERS peak intensities in 

Figure 5.5d (red spectra) were absent corroborating its reflectance intensities in Figure3.11a.   

 

 

 

 

 

 

 

 

 

Figure 5.6. SERS spectra measured at a. λexc = 633nm for the sample Sa7 at both σ = 0 and 90 

polarizations. b, at λexc = 785nm for the samples Sa4 at both σ = 0 and 90 polarizations. Furthermore, 

sample Sa7 coated with a thicker gold layer (t ~ 10 nm) shows that its λTMp position along σ = 0  ̊is red-

shifted relative to λexc = 633nm in Figureure 1d. and thus a reversed SERS dichroism is observed (in 

Figure S10.) where both λStokes 1 and λStokes 2 peaks exhibits a cos2(σ) dependency218. 

Furthermore, sample Sa7 coated with a near percolating gold layer thickness of (t~10 nm) 

shows that its λTMp position along σ = 0 ̊ is red-shifted relative to λexc = 633nm in Figure 3.7a. 

and thus a reversed SERS dichroism is observed in Figure 5.6a. where both λStokes 1 and λStokes 2 

peaks exhibit a cos2(σ) dependency. Whereas, for λexc = 785nm in Figure 5.6b, isotropic SERS 

effect was observed corroborating the reflectance spectra in Figure 3.7a. The SERS intensity 

and anisotropies of the samples Sa4 and Sa9 with larger Au diameter d ~ 60nm in Figure 5.5a, 

b, e and f. corroborated with its far-field reflectance spectra in Figure 3.11a. 

These findings further clearly validate the EM near-field enhancement mechanism of SERS as 

the SERS response is based on the anisotropic near-field enhancements. The fabricated samples 

exhibited capability of highly distributed hotspot (2x2cm arrays) and broad plasmon peaks of 

the collective plasmon modes for the enhancement of both g and gs efficiently. 

(a) (b) 
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SERS Mapping 

The SERS mapping measurements was performed in a set of reproduced Au array samples of 

Au t ~ 5nm and nucleating grain diameter d ~ 22nm exhibiting optical properties presented in 

Figure 5.7. under different polarization angles σ and excitation wavelengths λexc. These mapping 

measurements reveals the long ranged uniform sensitivity of the fabricated samples. 

 

Figure 5.7. (a), Polarized reflectance spectra for sample with P ≅ d exhibiting anisotropic plasmon 

resonance peaks at λTMp ~ 587 nm at σ = 0 ̊ and λTEp ~ 658nm at σ = 90 ̊ (b,) Polarized reflectance spectra 

for a flat sample exhibiting isotropic plasmon resonance peaks at λTMp ~ 660 nm at σ = 0 ̊ and λTEp ~ 660 

nm at σ = 90 ̊. Vertical lines in the spectra indicate the experimental excitation wavelength (λexc ) in 

which SERS mappings was performed for different polarizations and wavelengths218. 

The Figure 5.7 shows the absorbance spectra obtained from the reproduced samples. This 

confirms that the fabrication method is a reproducible technique. Further, the absolute SERS 

intensity and anisotropy in these samples also corroborate with values and trend observed for 

sample Sa3 as in Figure 5.3. For these samples the λexc at 633nm was further blue shifted from 

λTEp super-radiant mode more nearer the frequency of the sub-radiant collective plasmon mode 

when compared to the λexc positions on the reflectance spectra for the samples in Figure 5.2a 

and b.  

        This resulted in a more accurate determination of the Raman laser excitation wavelength 

near the sub-radiant collective plasmon modes. Figure 5.8a and b. shows the polarized SERS 

mapping measurements performed on the flat sample under λexc = 633nm << λTEp near the 

frequency of the sub-radiant collective plasmon mode exhibiting long range isotropic uniform 

SERS intensity. 
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Figure 5.8. SERS Mapping measurements of phenyl thiolate peak 1081 cm-1 under λexc = 633nm on flat 

sample at (a) σ = 0 ̊ and (b) σ = 90 ̊ exhibiting isotropic and long-ranged uniform sensing capability of 

the samples. (The dark black line in the SERS images represents a scratch on the Au layer).  SERS 

Mapping measurements of phenyl thiolate peak 1081 cm-1 under λexc = 633nm on sample with P ≅ d at 

(c) σ = 0  ̊and (d) σ = 90 ̊ exhibiting anisotropic SERS and long-ranged uniform sensing capability of 

the samples. (The dark black line in the SERS images represents a scratch on the Au layer) 218. 

(a) (b) 

(c) (d) 
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Subsequently, polarized SERS mapping measurements performed on a sample with P ≈ d in 

Figure 5.8c. and d. exhibits its long-ranged anisotropic SERS on these samples under λexc = 

633nm. Its SERS intensity is similar at σ = 90  ̊ where its interparticle spacing is S2 when 

compared to the flat sample with interparticle spacing S2 at both σ = 0 ̊ and σ = 90 ̊.  

         Whereas excitation under λexc = 785nm near the frequency of the super-radiant mode, the 

SERS mapping measurement exhibited reduced but long ranged isotropic SERS intensity for 

the flat sample at Figure 5.9c and d. and subsequently for the sample with feature P ≈ d a more 

pronounced anisotropic response was observed in Figure 5.9 a and b. Further in Figure 5.9b, 

the SERS intensity at λexc = 785nm was higher at σ = 90 ̊ where its interparticle spacing is S2 

when compared to SERS intensity of the flat sample at Figure 5.9c and d. with interparticle 

spacing S2 along both σ = 0 ̊ and σ = 90 ̊. These results showcase the large area sensing ability 

of these samples and were similar to the SERS intensity and anisotropy trends observed for 

samples Sa1, Sa2 and Sa5 in Figure 5.3.  

 

Figure 5.9 SERS Mapping measurements of phenyl thiolate peak 1081 cm-1 at (a) σ = 0 ̊ and (b) σ = 

90 ̊ under λexc = 785nm on sample with P ≅ d in the exhibiting anisotropic and long-ranged uniform 

sensing capability of the samples. (The dark line in the SERS images represents a scratch on the Au 

layer). SERS Mapping measurements of phenyl thiolate peak 1081 cm-1 at (c) σ = 0  ̊and (d) σ = 90  ̊

under λexc = 785nm on sample with flat template exhibiting isotropic and long-ranged uniform sensing 

capability of the samples. (The dark line in the SERS images represents a scratch on the Au layer) 218.  
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Further the SERS enhancement factors on these samples were calculated and reported based on 

the equation 57. The calculations revealed that the SERS enhancement resulting from the set of 

samples with larger Au grain diameter d ~ 60nm exhibiting an increase in the SERS resulting 

from the super radiant plasmon mode when compared to the excitation on the samples with 

d~27nm corroborating the Mie theory, which states that the scattering cross section and far field 

radiation increases for MNPs with increasing diameter. This shows that the wavelength scanned 

SERS intensities and anisotropy trends could differ for closely spaced MNP array system with 

increasing MNP diameter. 

SERS enhancement calculation 

Calculation of enhancement Factor for the phenyl thiolate peak 1081 cm-1 on the samples (Sa2) 

and (Sa6) with template features P ≅ d. The sample Sa2 has Au grain diameter of (d~27nm) 

and Sa6 has (d~60nm). 

The enhancement factors were calculated for excitations under λexc = 633 and 785 nm excitation 

wavelength at both σ = 90 ̊ and σ = 0 ̊. 

The enhancement factor (EF) was calculated based on the formula4,5. 

Enhancement factor (EF) = 
𝐼𝑆𝐸𝑅𝑆

𝑁𝑆𝐸𝑅𝑆
 x 

𝑁𝑟𝑒𝑓

𝐼𝑟𝑒𝑓
 ……………… 57 

Where, ISERS = Intensity of the SERS, Iref = Intensity of reference Raman, NSERS and Nref = no 

of phenyl thiolate molecules in the illuminated volume. 

Thio-phenol dissolved in an aqueous solution as (0.0097 M) was measured for Iref  value under 

both λexc = 633 and 785 nm excitation wavelength with a 50x, 0.7 N.A numerical aperture 

objective. 

The minimum laser beam waist diameter ω can be calculated from the formula 

ω = 
(4∗𝜆𝑒𝑥𝑐)

𝜋∗𝑁𝐴
 ………………. 58 

Where, λexc is the laser wavelength and NA is the numerical aperture of the focusing objective. 

  ω633nm = 1.152 μm 

ω785nm = 1.42 μm 

The depth of focus    Z = 
2𝜋∗𝜔2

𝜆
 …………………... 59 

Z633nm = 13.1 μm 

Z785nm = 16.1 μm 

The focal volume of the illumination is  𝑉𝐹 = (
𝜋

2
)1.5 * 𝜔2* z ………….60 

VF 633nm = 34.2 μm3 

VF 785nm = 63.8 μm3 
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The number of thio-phenol molecules Nref is given by 𝑁𝑟𝑒𝑓 = 𝑉𝐹 * 𝐶𝑇ℎ𝑖𝑜𝑝ℎ𝑒𝑛𝑜𝑙* 𝑁𝐴 

Nref 633nm = 1.9x108 

Nref 785nm = 3.7x108 

Where, CThiophenol is the molar concentration of the thio-phenol dissolved in the aqueous 

solution, and NA is the Avogadro number. 

The thio-phenol molecules chemisorb as a monolayer onto the Au surface as phenyl-thiolate. 

The area of laser spot is  𝐴𝑙𝑎𝑠𝑒𝑟 = 𝜋(
𝜔

2
)2………………61 

The Au array contained 20% less Au surface area when compared to a percolated laterally 

continuous flat Au surface with (f = 1). 

A laser 633nm = 1.04 μm2 

A laser 785nm = 1.58 μm2 

 

The occupied surface area A thiophenol for a single thiophenol molecule215. 

A thiophenol = 1.16 x 10-16 m2 

 

The number of thiophenol molecules in the SERS measurements is 

𝑁𝑆𝐸𝑅𝑆 = 𝐴𝑙𝑎𝑠𝑒𝑟 𝐴𝑇ℎ𝑖𝑜𝑝ℎ𝑒𝑛𝑜𝑙
⁄  ……………62 

 

N SERS 633nm = 7.2x103 

 N SERS 785nm = 1.08x104 

 

Table 5.1. Calculated parameters to obtain enhancement factor for sample (Sa2) with template 

features P ≅ d and Au grain diameter d~27nm. 

 

 

Enhancement factor (EF) of Sample (Sa2) 

EF 𝝀𝒆𝒙𝒄633nm, σ = 0  ̊= 4.1x106 

EF 𝝀𝒆𝒙𝒄633nm, σ = 90 ̊ = 3.6 x106 

 λexc = 633nm, σ = 0  ̊ λexc = 633nm, σ = 90  ̊ λexc = 785nm, σ = 0  ̊ λexc = 785nm, σ = 90  ̊

ISERS 65384 85004 14800 63163 

NSERS 7.2x103 7.2x103 1.08x104 1.08x104 

Iref 544 544 763 763 

Nref 1.9x108 1.9x108 3.7x108 3.7x108 
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EF 𝝀𝒆𝒙𝒄785nm, σ = 0 ̊ = 2.8 x106 

EF 𝝀𝒆𝒙𝒄785nm, σ = 90  ̊= 6.6 x105 

 

 

Table 5.2. Calculated parameters to obtain enhancement factor for sample (Sa6) with template 

features P ≅ d and Au grain diameter d~60nm. 

 

 

Enhancement factor (EF) of Sample (Sa6) 

EF 𝝀𝒆𝒙𝒄 633nm, σ = 0  ̊= 1.7x106 

EF 𝝀𝒆𝒙𝒄633nm, σ = 90 ̊ = 2.1x106 

EF 𝝀𝒆𝒙𝒄785nm, σ = 0 ̊ = 4.3 x106 

EF 𝝀𝒆𝒙𝒄785nm, σ = 90  ̊= 6.6 x106 

 

The fabricated samples exhibited capability of highly distributed hotspot (2x2cm arrays), SERS 

enhancement of 106 orders and broad peaks of the collective plasmon modes for the 

enhancement of both g and gs efficiently. 

 

 

 

 

 

 

 

 

 

 

 

 

 λexc = 633nm, σ = 0  ̊ λexc = 633nm, σ = 90  ̊ λexc = 785nm, σ = 0  ̊ λexc = 785nm, σ = 90  ̊

ISERS 36787 43926 96557 148052 

NSERS 7.2x103 7.2x103 1.08x104 1.08x104 

Iref 544 544 763 763 

Nref 1.9x108 1.9x108 3.7x108 3.7x108 
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5.2. Anisotropic SERS effect of percolated Au metal films 

As discussed in chapter 4. The percolated ultrathin Au films followed the corrugated template 

modulations forming laterally continuous corrugated metal films which supports “propagating” 

delocalized surface plasmon polariton (SPPs) in the near-infrared (NIR) region. These modes 

exhibited distributed EM nearfield with large electric field components parallel and 

perpendicular to the surface during SPP excitation based on their kx spatial corrugation. SERS 

measurements were performed to investigate benefits of NIR-SERS sensing and to study the 

adsorbed molecules Raman vibrations – polariton interaction. This chapter further shows the 

dependence of SPP modes surface field orientations on corrugated surface in the enhancement 

of Raman modes of different polarizability tensor components. These investigations were used 

to determine the orientation of the adsorbed thio-phenol molecules on the Au surface and to 

understand the “SERS” surface selection rules on corrugated plasmonic surface. 

5.2.1. Near-infrared SERS sensing on percolated anisotropic Au films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 (a) Schematics depicting the excitation of hybrid SPP modes on percolated Au films 

deposited on corrugated sapphire templates. (b). SERS spectra of phenyl thiolate on SaP2 with λexc= 

633 nm (black line) and λexc= 785 nm (red line), the blue arrow indicates the downshifting of peaks 

associated with phenyl ring vibrations upon chemisorption on Au (Raman spectra are presented without 

(c) (b) 

(a) 
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fluorescence background subtraction) and (c) Reflectance measurements of sample SaP1 (black 

spectra) and SaP2 (red spectra) at θ = 50◦, TM polarization, with the respective Raman laser line 

positions at λexc= 633 nm and λexc= 785 nm217. 

 

Due to the excitation of the hybrid SPP with low energy in the NIR region as discussed in 

chapter 4, these samples were investigated for SERS sensing of phenyl-thiolates adsorbed on 

the fabricated laterally continuous corrugated plasmonic surface. Similar to discussions the 

previous section 5.1.1. The phenyl ring vibration modes assigned to the (C − C − C ring bend 

(ring breathing) and In- plane. C − C − C bend + C − S stretching) downshifted to 998 cm− 1 

and 1072 cm− 1 upon the formation as phenyl thiolates (PT), subsequently confirming the 

chemisorption of thio-phenol onto the Au surface204 see Figure. 5.10b. (where arrow indicates 

the downshifting).  

             Furthermore, in Figure. 5.10b the SERS spectra collected under λexc = 785 nm 

exhibited reduced interference background and more prominent SERS when compared to 

excitation under λexc = 633 nm. The large intensity enhancement of PT peaks under λexc = 785 

nm is due to both the λexc and its related λstokes (as in Table 5.3.), are closer to the excited λSPP 

resonance near 1040 nm in Figure. 5.10c. Moreover, chemisorbed aromatic thiols forms S-Au 

bonds in the Au metal surface, thus causing charge transfer process to occur at shorter 

excitation wavelengths which also hybridizes their molecular orbitals208, changes their 

polarizability and increases the molecules Raman scattering cross-section209. As a result of 

these effects, intense fluorescence background and photo- reactions in thiolates is observed in 

SERS excitation at λexc = 633 nm.  

 

 

 

 

 

 

 

 

 

 

Figure 5.11. SERS intensity mapping measurements of phenyl thiolate peak 998 cm-1 on sample Sa2 

with a step size of 3 μm 217.  

 

Further, large area SERS intensity mapping measurements were performed for sample SaP2 

under λexc = 785 nm which confirmed that the SERS intensity was uniform and photo-

degradation of the molecule was minimal (see Figure 5.11). When comparing the SERS 

intensity obtained from the flat and corrugated samples in Figure. 5.12a revealed that the 

corrugated sample SaP2 exhibited a 46- fold SERS gain for the phenyl-thiolate Raman active 

mode assigned to C − C − C ring bend (ring breathing (998 cm− 1)) when compared to the 

SERS intensity of the mode collected from the flat Au sample SaP1. These SERS 

measurements exhibiting intensity amplifications of 103 orders analogous to the near-field 

enhancement for SPP modes described in Ref210 whereas additional enhancement from charge 
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transfer is also presumed to influence this value. The SERS enhancement exhibited by the 

fabricated samples supporting SPP in Figure 5.12a and b. are lower when compared to the non-

percolated Au array substrates which exhibited collective LSPR modes in Figure 5.2c, d. 

 

Table 5.3. Assignment of thiophenol molecules Raman vibrations and their Raman peak positions with 

related Stokes wavelengths and symmetry classes of vibration modes172,211.  

 

Furthermore, Polarized Raman analysis performed between the incident polarization and the 

corrugation vector revealed an anisotropic SERS response for the sample SaP2. A 5-fold SERS 

intensity gain for the peak at 998 cm− 1 was observed at σ = 0◦ where the SPP mode is excited 

when compared to the same peak at σ = 90◦ (see Figure. 5.12b). Although, the SERS intensity 

gain of the peak 998 cm− 1 at σ = 90◦ along the corrugation long axis was higher when compared 

to the SERS intensity from flat sample. Subsequently, similar anisotropic SERS response 

dependent on the excitation polarization angle was observed for samples Sa3 and Sa4 with 

different kx spatial corrugation. Further, the SERS intensity gain of phenyl-thiolate Raman modes 

decreased for samples with increasing corrugation period – see Figure. 5.12c. This decrease in 

intensity was due to the larger difference between λexc and the excited λSPP position which is 

dependent on the value of kx spatial corrugation. Further, samples with larger corrugation periods 

fabricated by this method exhibited an increase in standard deviation δ of the average 

corrugation period value P, this further resulted in a weaker SPP coupling on samples with 

increasing corrugation period.  

 

5.2.2. SERS “surface selection rules” for non-isotropic molecules on 

percolated corrugated metal film 

Due to the large dipole oscillator strength of near infrared (NIR) SPP mode near-fields at λexc = 

785 nm when compared to SPPs excited in the visible spectral range115, and importantly without 

Thiophenol 

Raman vibration 

peak positions 

Stokes shifted 

wavelength λstokes 

at (λexc = 633 nm) 

Stokes shifted 

wavelength λstokes 

at (λexc = 785 nm) 

Thiophenol molecular 

vibrations assignment 

Symmetry 

class (C2v) 

473 cm-1 652 nm 815 nm Out-of-plane. C-C-C 

bending 

b1 

615 cm-1 658nm 824 nm In-plane. C−C−C ring 

bending + C−S stretching 

b2 

693 cm-1 662nm 830 nm In-plane. C−C−C ring 

bending + C−S stretching 

a1 

737 cm-1 663nm 833 nm Out-of-plane. C−H ring 

bend 

b1 

998 cm-1 675 nm 851 nm C−C−C ring bend (ring 

breathing) 

a1 

1072 cm-1 679 nm 857 nm In-plane. C−C−C bend + 

C−S stretching 

a1 

1573 cm-1 703 nm 895 nm Symmetric in-plane. C−C 

ring stretching 

a1 
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the disadvantages of intense interference backgrounds resulting from charge transfer 

hybridizations which occurs at higher excitation frequencies. These fabricated samples were 

suitable platforms to study molecules Raman vibrations-polariton interactions.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 5.12. (a) SERS spectra of phenyl thiolate on flat SaP1 (black line) and corrugated sample SaP2 

(red line). Vibration modes assigned to Raman peaks with their symmetry classes are listed in Table 2, 

(b) Schematic drawing of the polarized SERS measurement setup with indicated angle σ. (c) SERS Gain 

of selected phenyl thiolate Raman vibrational peaks for different grating periodicity. (SERS gain values 

were calculated with respective to the absolute Raman intensity of the peaks from the flat sample Sa1) 

217.  

By analyzing the SERS anisotropies and intensities measured in polarized SERS measurements, 

the dependency of SERS of the adsorbed PT molecules on the excitation polarization and its 

resulting plasmon surface-field orientations were investigated. Polarized SERS measurements 

performed for Δσ = 2.5◦ in Figure 5.13. revealed a dichroic SERS anisotropy with cos2(σ) 

dependency for PT peaks assigned in Table 5.3. This was in contrary to the sin2(σ) dependency 

observed for PT peaks on non-percolated anisotropic arrays in Figure 5.3. Further, for 

anisotropic planar molecules such as the phenyl thiolates their relative Raman peaks intensities 

in the spectra depend on the symmetry of their Raman vibration modes67. As a result of this 

dependence related to the polarizability of Raman modes, the analytes Raman modes relative 

(a) (b) 

(c) 
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SERS intensities differ, as the orientation of the analyte’s induced dipole moment can be 

different from incident excitation polarization113.  

              Here, the SERS dichroism with cos2(σ) due to the plasmonic anisotropy was studied 

for phenyl thiolate Raman modes of different polarizability tensor components on these 

corrugated plasmonic samples supporting propagating SPP modes. As discussed in chapter 4. 

The NIR-SPP modes excited in these samples have large oscillator strength which strongly 

induces the dipole moment in the molecules. Further, the propagating SPP surface field 

orientation have an extended nearfield spatial distribution when compared to the localized 

confined fields of LSPR modes. Thus, these SERS on these substrates exhibit an extended 

SERS excitation area with reduced photo-induced effects on the probed molecule. For phenyl 

thiolate molecules with a C2v symmetry group, the a1 Raman modes are totally symmetric 

vibration with a combination of αxx, αyy and αzz Raman tensor components on the metal surface 

frame of reference, whereas, the other b1, b2 and a2 are non-totally symmetric vibration modes 

and contains αxz, αyz and αxy tensor components211 as in Table 5.3. The SERS dichroism due to 

the plasmonic anisotropy of the peak assigned to the symmetric in-plane C − C ring stretching 

at 1573 cm− 1 with a1 symmetry was more prominent in intensity and dependent on the 

corrugation period as in Figure 5.13a. whereas, the SERS dichroism of the peak assigned to the 

out-of-plane C–C–C bending at 473 cm− 1 with non-totally symmetric vibration b1 mode in 

Figure. 5.13b. exhibited less intensity compared to the a1 modes in Figure 5.13a, c, d. and less 

pronounced dependence on the corrugation period. 

Figure 5.13. Analysis of Raman intensity of selected thio-phenol peaks in Table 2. (a) 1573 cm− 1, (b) 

473 cm− 1, (c) 693 cm− 1, (d) 998 cm− 1 and (e) 615 cm− 1 as a function of the azimuthal angle (Δσ = 2.5◦) 

on flat and corrugated samples with different periods in polarized SERS measurements. (Table 5.3.) 

depicts the symmetry modes corresponding to the Raman peaks analyzed (a1 are totally symmetric 

vibration), (b1, b2 and a2 non-totally symmetric vibrations) 217. 
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The electric field component Ex parallel to the surface becomes large only during the SPP 

excitation along the kx spatial corrugation (σ = 0 ̊) - Figure. 4.4b at θ = 50°. This significantly excites 

the b1 mode which has a αxz component with vibrational motion parallel to the surface along the 

kx spatial corrugation at σ = 0̊  as in Figure. 5.13b. resulting to cause a dichroic behavior in polarized 

SERS measurements due to the difference in surface fields excited at σ = 0 ̊ and 90̊. 

Subsequently, a completely non-dichroic SERS behavior for peak 473 cm−1 with b1 mode was 

observed on sample SaP4 (Green plots) in Figure. 5.13b. this is due to the weak SPP coupling 

and decrease in electric field strength along the X direction parallel to surface as δ (the standard 

deviation of corrugations periodicity) increases for both the height and width of the corrugated 

facets of this sample, which causes the dichroism to cease. Similar to the b1 mode with a αxz 

component, less dependency of SERS intensity on corrugation period was also observed for the 

peak at 615 cm− 1 classified as the b2 mode with αyz polarizability component in Figure. 5.13e 

but this peak was not observed for SaP1 and SaP4. Apart from the relative intensities of Raman 

active modes, the dichroic SERS behavior of Raman modes in Table 5.3. were determined 

mostly due to the excitation of SPP along the corrugation vector rather than the orientation of 

the analyte on the surface for a1, b1 and b2 modes – Figure. 5.13. as these Raman modes have 

tensor components both parallel and perpendicular to surface. The a2 mode with αxy tensor 

component with both the axes in the plane of the surface was not observed on these anisotropic 

corrugated samples. Whereas, the peak at 834 cm-1 classified as a2 mode with αxy tensor 

component was observable in SERS spectra obtained from non-percolated Au arrays in Figure 

5.2. supporting hybridized collective LSPR modes, as these modes have intense confined near-

field along both Ex and Ey component on their surface due to S<<r at both σ = 0 ̊and σ = 90̊. 

Plasmonic samples with shorter corrugation periods fabricated in this study exhibited 

pronounced SERS dichroism for both totally symmetric (a1) and non-symmetric vibrations (b1 

and b2) modes versus the substrates with larger value of corrugation periods. This was due to 

the effective coupling of SPP mode at σ = 0̊ for SaP2 when compared to the other samples SaP3 

and SaP4. These experimental investigation and results show the dependence of SPPs surface 

field orientation excited on corrugated plasmonic surface in enhancing both diagonal and non-

diagonal component of molecules polarizability tensor α. The experimental investigation using 

this technique can reveal information about the degree of molecular orientation as well as 

symmetry of highly organized samples such as polar liquids212, crystals, polymers213 and 

carbon materials214 apart from self-assembled monolayers (SAM) of molecules. 
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6. Summary and outlook 

In this study, surface reconstruction of (α-Al2O3) M-plane wafers were utilized to fabricate 

corrugated substrates of different periods ranging from P ~ 30nm (subwavelength) to P ~ 

450nm. These corrugated substrates with high permittivity (ε = 11-9) were used as templates to 

deposit ultrathin Au films thickness t ≤ 10 nm to utilize and study them for surface enhanced 

Raman scattering applications. 

                   The ultra-thin Au metal films with thickness below the percolation threshold 

nucleated into 2D-MNP arrays with inter-particle gap S<<r, where r is the radius of the MNP. 

The optimal condition for the ordering of MNPs as arrays was achieved at low Au deposition 

rate of 10 Å / hours when utilizing an e-beam evaporation method under ultra-high vacuum 

(~10-10 mbar). The Au disk like grains nucleated with an anisotropic in-plane ordering onto 

templates with feature period P ≅ d, where d is the diameter of the nucleating grain. 

Subsequently, the Au disks were randomly distributed when P ≫ d as similar to deposition on 

a flat template. Further, autocorrelation functions of their respective AFM images confirmed 

the anisotropic ordering of nucleating 2D-MNP arrays on templates with P ≅ d. The plasmonic 

properties of percolated anisotropic Au films was studied and investigated by polarized optical 

spectroscopy. Polarized reflectance analysis exhibited an anisotropic plasmonic response in the 

ordered Au arrays dependent on the angle between corrugation vector and laser polarization 

direction (σ). Furthermore, simulated spectra and EM near-field distributions corroborated the 

anisotropic plasmonic trend and revealed the excitation of hybridized collective plasmon modes 

as λTMp along σ = 0 ̊ and λTEp along σ = 90 ̊. This plasmonic hybridization due to the strong 

coupling between the MNPs with sub 5 nm inter-particle gap induced excitation of higher-order 

plasmon modes in the higher frequency region when compared to the fundamental dipole mode. 

Further, plasmonic hybridization and the origin of plasmonic anisotropy was studied for 

different sets of samples with optimized corrugation period P, Au disk diameter d, Au film 

thickness t and the nucleated Au grain’s in-plane shape under linearly polarized excitation. 

These samples exhibited similar anisotropic plasmonic trends. Results further showed the range 

of tuneability of λp position for selected anisotropic samples discussed in this work from λp ~ 

550nm to λp ~ 710nm (in the visible region). These ordered Au array structures supporting 

hybridized-collective plasmon modes can be used in a range of applications such as 

waveguides, on chip communications, and to study non-linear Raman scattering phenomena 

and surface selection rules. Further, transient absorption spectroscopy (TAS) measurements 

were performed on the samples exhibited the plasmonic anisotropy resulting from the short-

ranged ordering of Au disks on samples with features P >>d, this effect was invisible in 

polarized-steady state spectroscopic analysis. A blue shifted excited states λp positions in 

polarized-TAS measurements was observed when compared with the polarized-steady state 

measurement, this was presumed due to the excited non-radiative charge carriers induced 

effective primitivity modulation on the films with S<<r under intense pulsed laser excitation 

after ~ 1 picosecond. The blue shift of the λp positions in polarized-TAS depended on the 

interparticle space S rather that the pump laser excitation wavelength λpump excitation. Here, these 

samples with giant EM nearfield enhancement were tested for SERS sensing. Polarized and 

wavelength scanned SERS measurements revealed that the SERS enhancements due to the 

excitation near a sub-radiant collective plasmon mode wavelength at λexc = 633nm < λTEp 
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depended primarily on the inter-particle spacing S rather than order in MNP arrays. This was 

concluded due to the similar absolute SERS intensities at λexc = 633nm for σ = 90° for flat (Sa1), 

P ≅ d (Sa2) and P>>d (Sa5). In the contrary at λexc = 785nm > λTEp related to the super-radiant 

plasmon frequency the absolute SERS intensities differed between flat (Sa1), P ≅ d (Sa2) and 

P >>d (Sa5) along both σ = 90° and σ = 0°, exhibiting that the ordering of MNPs as arrays 

influences the antenna modes scattering intensity resulting in a highly anisotropic SERS 

dependent on σ. Further, anomalous SERS intensity independent of the far-field optical spectra 

were observed at Raman excitation near the sub radiant modes wavelength. This was due to the 

enhanced spatial and temporal feature of the hybridized sub-radiant mode on these 2D-arrays 

with S<<r. Subsequently, the anisotropy induced SERS dichroism of its relative Raman peak 

intensities depended on position of λexc when compared to the excited λp peak position and its 

FWHM. Due to this the lower frequency Stokes shifted peak λStokes 1 exhibited a cos2(σ) 

dependency as it was nearer to the excited plasmon modes λp and λexc. This peaks intensity was 

approximated by the commonly used |E|4 mechanism. While, the higher Stokes shifted peak 

λStokes 2 exhibited a sin2(σ), as its SERS intensity depended on differing enhancement factors g 

at λexc and gs at λStokes, this observance validated the EM near field mechanism of SERS. Most 

of the seminal requirements for reliable, robust and reproducible SERS due to the distributed 

hotspot, broad resonance peak (enabling wider Stokes-shifted ranges) and near field 

enhancements up to 106 orders were achieved on the fabricated samples. Further polarized 

SERS mapping measurements exhibited the long-ranged SERS sensing capability of these 

SERS substrates based on 2D -arrays. Finally, as a suggestion for the continuation of this study, 

transient absorption spectroscopy with pump-probe delays in the femto-second regime can be 

used to experimentally investigate life time of these hybridized-collective plasmon modes in a 

quantitative way and corroborate it with its resulting SERS enhancements from Raman λexc at 

sub-radiant and super-radiant frequency, especially on arrays with number of particles N<10 

which would clearly manifest the sub-radiant mode wavelength distinguishing it from the super-

radiant mode. This analysis of transient absorption spectroscopy in the femto-second pump-

probe delays on the plasmonic samples can shed light on relaxation dynamics of both radiative 

decay (for applications in surface enhanced spectroscopies) as well as non-radiative plasmon 

decay (hot-carriers induced surface catalysis).  

                       Secondly, Ultra-thin Au metal films of just percolated thickness t ~10nm 

deposited on the corrugated templates of different periods obtained their template modulations 

as ultrathin corrugated plasmonic surfaces. A low temperature post deposition annealing 

process quenched the LSPR modes of the just percolated ultra-thin metal films and improved 

the film connectivity. Whereas, high temperature post deposition annealing process facilitated 

the dewetting of the just percolated film reducing its surface fill factor. On studying the 

plasmonic properties of the percolated, anisotropic sample’s reflectance spectra - confirmed the 

improvement in percolation of the ultrathin metal film deposited at a just percolated metal 

thickness after the post deposition low-temperature annealing process. These periodically 

corrugated metal nanostructures diffracted light with an increased wavevector based on their kx 

spatial corrugation thus mediating plasmon-photon momentum matching conditions to excite SPPs 

at TM polarized excitation. Numerical dispersion curve calculations and simulated near-field 

distributions corroborated the polarized far-field reflectance spectra in the excitation of a 

delocalize SPP mode. These SPP supporting structures can be used in a range of applications 
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such as waveguides, on chip communications, THz devices and in increasing the spatial 

resolution of scanning near field microscopy (SNOM). Further, field polarizations play an 

important role on these uniaxial corrugated thin films due to excitation of SPP only in 

polarization along the kx spatial corrugation. This created an anisotropic plasmonic response 

dependent on the excitation polarization σ. The excited SPP mode was characterized as a hybrid 

SPP resonance in the NIR region. This SPP hybridization is inevitable on these ultrathin metal 

films with thickness of just t~10nm and was concluded based on analyzing the charge 

distribution in their metal/dielectric interfaces at SPP excitation conditions. Further, the SPP 

plasmons broad dip red-shifted for samples with decreasing value of kx spatial corrugation. These 

samples exhibited enhanced optical near-field in the NIR range with large field oscillator 

strength along the Ex and Ey surface components. The surface field orientations of propagating 

SPP modes differs from the confined LSPR modes, thus polarized Raman measurements was 

utilized to study SERS “surface selection rules” due to delocalized SPP modes on these 

corrugated plasmonic surfaces. Further, SERS excitation at λexc = 785nm at the NIR range 

exhibited reduced interference background and photoinduced disadvantages when compared to 

excitation at λexc = 633 nm. In polarized SERS analysis, a twofold SERS anisotropy with a 

cos2(σ) dependency (σ = azimuthal angle) was observed. A more pronounced SERS dependence 

on corrugation period P was observed for totally symmetric a1 modes than the non-totally 

symmetric b1 and b2 modes. Further, the fabricated shorter corrugation periods exhibited 

pronounced SERS anisotropy of both totally symmetric (a1) and non-symmetric vibrations (b1 

and b2) modes when comparing the substrates with larger value of corrugation periods as the 

standard deviation δ of period (P) increased for increasing corrugation period value P, resulting 

in a weaker SPP coupling. Importantly, the behavior of SERS dichroism was determined mostly 

by the excitation of SPP along the kx spatial corrugation rather than the orientation of the analyte on 

the laterally continuous corrugated surface for the a1, b1 and b2 modes. An edge-on orientation 

of the adsorbed molecule on the corrugated facets was predicted as the peak related to a2 mode 

with both vibration motions along the plane of the surface was absent of these hybrid SPP 

supporting samples. Polarized Raman spectroscopy has the following advantages over other 

analytical techniques (1) determination of anisotropy, (2) both qualitative and quantitative 

determination of molecular orientation, and (3) exploration of both amorphicity and 

crystallinity in molecular system. This allows them to have a direct applicative relevance 

towards chemical sensing, molecular electronics, wetting and lubrication applications as in Ref 

[39]. These experimental results showed the dependence of SPPs surface field orientations in 

enhancement of Raman molecular vibrations corresponding to both diagonal and non-diagonal 

component of α on corrugated plasmonic surfaces. The fabricated samples supporting NIR-SPP 

modes were reproducible exhibiting large-area uniform SERS sensing. Further, as a 

continuation of this study, substrates supporting LRSPP (long range SPP modes) with 

millimeter scale propagation length when compared to SPP modes discussed here can be 

examined for increasing the intensity of Raman modes with non-totally symmetric vibrations. 

This hypothesis is promising foresight to improve reliable Raman sensing of non-isotropic 

organic molecule enhancing Raman peaks of non-totally symmetric vibrations even in trace 

concentrations. 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/molecular-electronics
https://www.sciencedirect.com/topics/materials-science/lubrication
https://www.sciencedirect.com/science/article/pii/S0169433224005348#b0195
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